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ABSTRACT  
   
Sn-based group IV materials such as Ge1-xSnx and Ge1-x-ySixSny alloys have great 
potential for developing Complementary Metal Oxide Semiconductor (CMOS) compatible devices 
on Si because of their tunable band structure and lattice constants by controlling Si and/or Sn 
contents. Growth of Ge1-xSnx binaries through Molecular Beam Epitaxy (MBE) started in the early 
1980s, producing Ge1-xSnx epilayers with Sn concentrations varying from 0 to 100%. A Chemical 
Vapor Deposition (CVD) method was developed in the early 2000s for growing Ge1-xSnx alloys of 
device quality, by utilizing various chemical precursors. This method dominated the growth of 
Ge1-xSnx alloys rapidly because of the great crystal quality of Ge1-xSnx achieved. As the first 
practical ternary alloy completely based on group IV elements, Ge1-x-ySixSny decouples bandgap 
and lattice constant, becoming a prospective CMOS compatible alloy. At the same time, Ge1-x-
ySixSny ternary system could serve as a thermally robust alternative to Ge1-ySny binaries given 
that it becomes a direct semiconductor at a Sn concentration of 6%-10%. Ge1-x-ySixSny growths 
by CVD is summarized in this thesis. With the Si/Sn ratio kept at ~3.7, the ternary alloy system is 
lattice matched to Ge, resulting a tunable direct bandgap of 0.8-1.2 eV. With Sn content higher 
than Si content, the ternary alloy system could have an indirect-to-direct transition, as observed 
for Ge1-xSnx binaries. This thesis summarizes the development of Ge1-xSnx and Ge1-x-ySixSny 
alloys through MBE and CVD in recent decades and introduces an innovative direct injection 
method for synthesizing Ge1-x-ySixSny ternary alloys with Sn contents varying from 5% to 12% and 
Si contents kept at 1%-2%. Grown directly on Si (100) substrates in a Gas-phase Molecular 
Epitaxy (GSME) reactor, both intrinsic and n-type doped Ge1-x-ySixSny with P with thicknesses of 
250-760 nm have been achieved by deploying gas precursors Ge4H10, Si4H10, SnD4 and P(SiH3)3 
at the unprecedented low growth temperatures of 190-220 °C. Compressive strain is reduced and 
crystallinity of the Ge1-x-ySixSny epilayer is improved after rapid thermal annealing (RTA) 
treatments. High Resolution X-ray Diffraction (HR-XRD), Rutherford Backscattering Spectrometry 
(RBS), cross-sectional Transmission Electron Microscope (XTEM) and Atomic Force Microscope 
(AFM) have been combined to characterize the structural properties of the Ge1-x-ySixSny samples, 
indicating good crystallinity and flat surfaces. 
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CHAPTER I 
REVIEW OF SYNTHESIS AND PROPERTIES OF Sn-BASED GROUP IV ALLOYS GRWON BY 
MBE AND CVD 
1. Introduction 
It is known that III-V binary alloy systems like GaAs, InP show great effects in applications 
of opto-electronics, such as electron transfer in Gunn-effect devices or direct recombination in 
lasers, which benefits from their direct energy gaps [1]. Group IV elements such as Ge, Si have 
not been widely used in electronics because their direct energy gap higher than their indirect 
bandgap. Based on Groves-Paul (G-P) model, alpha-Sn behaves like a semimetal with the 
minimum of conduction band lying below the maximum of valence band at the Γ-point in k space, 
leading to a direct energy gap of -0.4 eV at this point [2]. While Ge is an indirect band gap 
semiconductor, earlier band calculations indicated that the diamond cubic Ge1-xSnx binary alloys 
should have a direct bandgap, continuously tunable from 0.5 eV to 0 eV for x ranging from 0.2 to 
0.65 [1]. Thus, by carefully controlling Sn content from 0 to 100%, the binary system could have 
varying electronic and optical properties between pure Ge and pure Sn, which broadens the 
applications of group IV materials in electronics and opto-electronics [3]. Furthermore, this binary 
alloy system would enable higher carrier mobilities because of lowered effective mass and the 
lack of polar optical scattering that exists inherently in III-V materials [4]. Thus, single crystal Ge1-
xSnx alloys are of increasing interest for fabricating Si-based high-performance devices and long 
wavelength infrared optoelectronic devices, substituting ternary HgxCd1-xTe systems [5, 6]. The 
most recent study revealed that the predicted Sn concentration needed for an indirect-to-direct 
transition in Ge1-xSnx binary systems was approximately 6%-10%, making the Ge1-xSnx binary 
alloy system even more attractive in fabricating group IV photonic devices on a Si platform [7]. 
Last but not least, Ge1-xSnx binaries with suitable Sn contents could serve as buffer layers for the 
growth of tensile strained Ge which could then be used to fabricate quantum-cascade devices 
and serve as lattice-matched buffer layers for the growth of III-V or II-VI materials [8, 9].  
Ge1-xSix binary alloys, as new compatible materials with Si, have played a critical role in 
extending the capabilities of Si for micro- and optoelectronic applications [10]. SiGeC, as a 
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ternary alloy system based completely on Group IV materials, which decouples the bandgap and 
the lattice constant, is interesting for broadening the applications of group IV materials in 
microelectronics. However, the low concentration of C incorporation (< 2%-3%) limits the usage 
of SiGeC ternary alloys [11]. On the other hand, with the development of the synthesis of Ge1-
xSnx alloys in recent years, the varying lattice constants and band structures caused by different 
contents of Sn incorporation into Ge lattices have become more attractive for scientists exploiting 
direct band gap semiconductors based on Group IV materials.  
The Si-Ge-Sn system was firstly established on Si (100) using Ultra-high-vacuum Chemical 
Vapor Deposition (UHV-CVD) method by Matthew Bauer et al [12]. It is pointed out that Ge1-x-
ySixSny ternary alloy system could have a larger range of tunable lattice constants than Ge1-xSnx 
by carefully adjusting Si and Sn contents, since the lattice constant of Ge (5.657 Å) is 
intermediate between that of Si (5.43 Å) and of α-Sn (6.49 Å). A wide range of bandgaps could 
also be realized by varying Sn and Si concentrations in the ternary alloy system, making Ge1-x-
ySixSny alloys a new type of highly versatile IR semiconductors. This is the first practical ternary 
system based on Group IV elements which is compatible with Si CMOS conditions. A Si/Sn ratio 
of 3.7:1 yields Ge1-x-ySixSny ternaries lattice matched to Ge and having a wide range of tunable 
direct bandgap ranging from 0.8 to 1.2 eV, enabling application of the material to photovoltaics 
[13]. Ternary Ge1-x-ySixSny alloys with a Si/Sn ratio of 3.7:1 grown on Ge-buffered Si are fully 
relaxed allowing for decoupled lattice constants and electronic structures for the first time in group 
IV alloy systems, opening up new possibilities in silicon photonics [14]. With y > x in Ge1-x-ySixSny 
grown on Si substrates, the separation of direct and indirect bandgap edges could be made 
smaller than in pure Ge, indicating that suitable compositions of Si and Sn in Ge1-x-ySixSny ternary 
systems will yield all the electrical features that the Ge1-xSnx binary system could provide [15]. 
Room temperature photoluminescence (PL) gave direct bandgaps beyond 1550 nm for Ge1-x-
ySixSny system with y > x and rapid thermal annealing proved higher thermal stability of Ge1-x-
ySixSny than Ge1-xSnx due to the strain equalization caused by the opposing effects of Si and Sn 
incorporations, indicating that Ge1-x-ySixSny ternary systems could be thermally robust alternatives 
to Ge1-xSnx binary alloys or tensile-strained Ge for long wavelength opto-electronics applications 
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[16, 17]. The multiple advantages of Ge1-x-ySixSny ternary alloy, such as a large range of tunable 
lattice constants and band structures, decoupling of thermoelastic behavior, avoiding electronic 
artifacts associated with multiple interfaces, and increasing thermal stability have attracted a lot of 
interest in developing promising Group IV semiconductor materials in recent years [9]. 
This chapter summarizes the development of Ge1-xSnx binary alloys grown by MBE since 
the late 1980s and CVD since the early 2000s. CVD-grown Ge1-xSnx binaries exhibit better crystal 
quality and thermal stability than those grown by MBE, due to less Sn segregation caused by the 
employment of proper chemical precursors in CVD techniques. Using the MBE technique, Ge1-
xSnx binaries could be synthesized with Sn contents varying from 0 to 100%. However, film 
thickness becomes smaller and crystal quality deteriorates when Sn contents gradually increase 
from 0 to 100%. When using the CVD technique, by deploying different chemical precursors such 
as Ge2H6, Ge3H8 and SnD4, Ge1-xSnx alloys with viable thicknesses and great crystal quality could 
be achieved with Sn contents up to 20%. Bandgaps of Ge1-xSnx alloys containing different 
percentages of Sn have been explored and 8%-9% of Sn is determined to be the crossover 
concentration of the bandgap transition from indirect to direct. The development of the Ge1-x-
ySixSny ternary alloy system via CVD since 2003 is also described in this chapter. Various Si 
precursors such as Si4H10, SiH3GeH3 have been adopted to provide Si during the growth. Ge1-x-
ySixSny ternaries with a Si/Sn ratio of 3.7 are lattice matched to Ge, providing a chance to 
decouple the lattice parameter and bandgap in the ternary alloys. Furthermore, Ge1-x-ySixSny 
ternaries with Sn contents higher than Si contents could behave like Ge1-xSnx binary alloys by 
finely tuning Si and Sn contents. The incorporation of Si into Ge1-xSnx binary alloys increases the 
thermal stability, enabling more industrial applications.  
 
2.Development of Ge1-xSnx Alloys 
2.1 Synthesis and Properties of Ge1-xSnx Grown through MBE Techniques 
2.1.1 Growth and Structural Properties 
The growth of metastable and single crystal Ge1-xSnx alloys is very challenging for the 
following three main reasons. Firstly, the maximum equilibrium solid solubilities of Ge in Sn, and 
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Sn in Ge are around 0.6% and 1%, respectively [5]. Secondly, α-Sn, which crystalizes in a 
diamond cubic structure, could transform to metallic β-Sn which causes Sn segregation in Ge 
lattices above the critical transformation temperature of 13 °C [1]. Thirdly, Sn segregation and 
phase transformations can be promoted by the size difference and surface energy difference of 
Ge and Sn [5]. Thus, low growth temperature and non-equilibrium growth conditions are desired 
to suppress Sn phase transformations and Sn segregation considering the above challenges and 
that the melting point of β-Sn is 232 °C, in synthesizing Ge1-xSnx.  
Table 1: Summary of Synthesis and Properties of Ge1-xSnx Alloys Grown by MBE. 
Year-ref Substrate T (°C) Sn% Thickness Crystallinity Strain Thermal stability 
1981-[18] InSb, CdTe 25 99% <0.5 μm Single crystal compressive 70 °C causes α-Sn 
to β-Sn 
transformation 
1989-[19] InSb (100) 30 90%-99% - χmin=5.7%, 
FWHM=3 arcsec 
compressive - 
1990-[5] GaAs, InP (100) 150-350 <56% <300 nm Single crystal, 
metastable 
- - 
1991-[20] InSb, InSb/GaAs - 84%-100% 150 nm Great crystallinity 
for Sn<10% 
- Stable at 125-
130 °C 
1989-[4] Ge-VS 100-200 <30% <200 nm Single phase, 
polycrystalline 
- 170 °C causes 
formation of β-Sn 
1990-[21] Ge-VS 100-200 0-100% - 
 
 
 
 
  
Polycrystalline, 
χmin=0.52, phase 
transformation 
happens for 
Sn>32% 
Strain free Unstable above 
190 °C 
1995-[6] Ge-VS (Ion-assisted 
MBE) 
150-200 30%-34% 10-230 nm Single crystal 
and 
polycrystalline 
- - 
1996-[22] Ge-VS 70 2%-26% 170-190 
nm 
Single crystal for 
Sn<5%; 
amorphous for 
Sn>5% 
- - 
1997-[23] Ge-VS 180 0-15% 50-300 nm Single crystal Strain relaxed - 
2007-[24] Si, Ge-VS, Ge (100) 200 ~2.6% ~240 nm - - - 
2008-
[25][26] 
Fully relaxed Ge on 
Si 
200 2%-6% 40-360 nm - Highly strain 
relaxed 
 
2011-[27] Ge-VS 85 0.5% 300 nm - - - 
2013-[28] Strain relaxed Ge 
on Si 
160 <12.5% 34-261 nm - Highly strained - 
1989-[29] Ge (100) 400 ~50% <30 nm Single-phase - - 
1990-[30] Ge (100) 25 >15% - - - - 
1992-[31] Ge (100) 185-275 10% - Single crystal/ 
amorphous 
- - 
1998-
[32][33] 
Ge (100) 60-100 0-26% 3-108 nm Single crystal Fully strained - 
2000-[34]; 
2005-[35] 
Ge (100) 120-155 0-11.5% 50-1.91 μm Single crystal Fully strained  - 
2011-[36] InyGa1-yAs/GaAs 
(100) 
200 <8.6% 300 nm - Compressive 
strain<0.25% 
- 
2013-[37] Si (111) - <6.1% ~37 nm Amorphous for 
as-grown 
samples. 
Tensile strain 
up to 0.34% 
- 
 
Table 1 above summarizes the synthesis and properties of Ge1-xSnx epilayers grown by 
MBE. Farrow et al. [18] pioneered the growth of single crystal α-Sn on lattice matched ordered 
(100) InSb and CdTe substrates by incorporating ~1% of Ge at a growth temperature of 25 °C, 
under controlled and monitored conditions in an MBE system. Thermal stability studies were 
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conducted and a striking finding was that α-Sn transformed to β-Sn at a temperature of 70 °C, but 
not 13 °C, as was the case with bulk material, indicating that proper substrates could stabilize 
Ge1-xSnx epilayers by reducing the phase transformation of Sn. Ge1-xSnx alloys with Sn 
concentrations of 90%-99% were then achieved on InSb (100) substrates at a growth 
temperature of around 30 °C in a custom-built MBE system by Asom et al, as described in [19]. 
Rutherford backscattering (RBS) ion channeling along the (100) direction showed a minimum 
yield limit χmin of 5.7%, indicating good crystallinity quality of the epilayer. Using (100) GaSb and 
InP substrates at growth temperatures of 150-350 °C, metastable single crystal Ge1-xSnx 
epilayers with Sn contents less than 56% and thicknesses less than 300 nm were realized in 
Varian GEN II MBE [5]. It was found that annealing at 450 °C caused Sn segregation in a Ge1-
xSnx sample containing 26% of Sn.  
Growth of Ge-rich Ge1-xSnx has also been realized on Ge-buffered Si (100) substrates, as 
described in [4, 6, 21-28]. With a growth temperature of 100-200 °C, single crystal Ge1-xSnx 
epilayers with Sn compositions ranging from 0 to 34% and thickness of 10-360 nm have been 
achieved in a custom-built MBE, in which an e-beam evaporator or pyrolytic boron nitride 
crucibles from liquid-Nitrogen shrouded effusion cells provides Ge and Sn atoms for growth. It 
should be mentioned that an ion-assisted MBE described in [6] produced single crystal quality 
Ge1-xSnx epilayers with Sn compositions varying between 26% and 34% at the growth 
temperature of 150-200 °C. With the assistance of a low energy (30-100 eV) high 
flux(ion/atom~1) Ar+ ion beam, Sn segregation could be effectively suppressed due to subsurface 
recoil-implantation caused by the ion bombardment [6], producing high Sn-containing Ge1-xSnx 
alloys with single phase crystal structures. Ge (100) substrates were also used for the growth of 
Ge-rich Ge1-xSnx alloys with Sn contents up to 26% and thicknesses up to 1.91 microns, as 
described in [24, 29-35]. Growth temperatures of 25-275 °C yielded fully strained Ge1-xSnx 
epilayers of single crystal quality on Ge (100) substrates.  
In 2013, Oehem et al [28] reported the growth of epitaxial metastable highly strained Ge1-
xSnx alloys with Sn contents up to 12.5% on thin strain-relaxed Ge virtual substrates on Si wafers 
at a low growth temperature of 160 °C through a solid-source MBE system. An illustration of the 
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MBE system is shown in Figure 1 below. A graphite heater is used to heat the substrate through 
radiant heating and the growth temperature is monitored by a reflection supported pyrometric 
interferometry system (RSPI) [38]. For the deposition process, Ge is evaporated from a special 
effusion cell with a pyrolytic BN crucible [39], which enables an especially low flux fluctuation at a 
high Ge rate compared with the electron beam evaporator (EBE). In order to suppress creep 
characteristics of liquid Sn considering the low melting point of Sn at 232 °C, a special Sn 
effusion cell with a dual filament was used. By carefully controlling the Ge/Sn flux ratio and 
growth temperature, highly compressive-strained Ge1-xSnx alloys containing 0-12.5% of Sn with a 
thickness of 34-261 nm were achieved. RBS showed a minimum channeling yield (χmin) of 9% for 
these films, indicating excellent crystal quality. Channeling angular yield scans determined the 
films were grown fully peudomorphic to the relaxed Ge buffer layers [28, 32]. 
 
Figure 1: A schematic illustration of solid-source MBE growth chamber for 150 mm substrates, equipped 
with a reflection supported pyrometric interferometry system (RSPI) for monitoring the growth temperature 
[28]. Reprinted with permission from J. Cryst. Growth 384 (2013) 71–76. 
 
In 2013, Lieten et al [37] grew tensile-strained Ge1-xSnx alloys of great crystal quality with Sn 
contents up to 6.1% on Si (111) substrates by limiting the adatom surface mobility during 
depositions via introducing inert gas species. For Ge1-xSnx epilayers after post-deposition 
annealing, single crystalline Ge1-xSnx layers with a smooth surface, great crystal quality and 
tensile strain up to 0.38% were obtained, based on XRD ω/2θ and reciprocal space map (RSM) 
results in conjunction with RBS channeling spectra. Figure 2(a) below [37] shows the RBS 
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spectra for a Ge0.955Sn0.045 sample grown on a Si (111) substrate. The red solid trace represents 
the ion channeling curve for the sample after post-deposition annealing, while the green dashed 
line represents the channeling curve for the as-deposited sample. The black solid line with 
squares indicates the random geometry for the as-deposited sample. It is clear that the as-
deposited sample doesn’t show any channeling while the channeling geometry shows the 
significant decrease of Ge and Sn signals after annealing, indicating the transformation to an 
epitaxial layer with great crystal quality after thermal annealing. The thickness of the Ge1-xSnx 
layer was determined to be 37 nm. Based on Figure 2(b) which shows XRD RSM around the 
(331) reflection of the layers, a 37 nm sample Ge0.955Sn0.045 was determined to have a tensile 
strain value of 0.38%. The titled black line through the Si (331) reflection indicates 100% relaxed 
epilayers. This achievement of the realized tensile strain in Ge1-xSnx layers render this method 
promising for Ge channels strain engineering. 
 
Figure 2: (a) RBS random (black, solid line with square) and channeling geometry (green dashed line of the 
as-deposited and red curve of after annealing) for Ge0.955Sn0.045; (b) The XRD reciprocal space map around 
the (331) reflection of a crystalline Ge0.955Sn0.045 with a thickness of 37 nm, transformed to in-plane and out-
of-plane lattice spacings [37]. The color bar indicates the XRD intensity in log scale. For 0%, 1%, 2%, 3%, 
4% and 5% Sn, the composition lines are indicated. Reprinted with permission from Appl. Phys. Lett. 102 
(2013) 052106. 
 
Growth of Ge1-xSnx epilayers on various substrates such as Si (100), Ge-VS (Ge-buffered 
Si) and Ge (100) were compared by S. Takeuchi et al [24]. TEM images of Ge1-xSnx grown on 
different substrates are shown below in Figure 3 [24]. Figure 3(a) shows the dark field XTEM 
image of Ge0.98Sn0.02 with a thickness of 240 nm grown directly on Si (100) substrate. Many 
threading dislocations with a density of 1x1012/cm2 appeared in Ge0.98Sn0.02 epilayers grown 
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directly on Si (100) due to the large lattice mismatch between the interface of the Si substrate and 
the Ge1-xSnx epilayer. Figure 3(b) shows the TEM image for Ge0.974Sn0.026 grown on Ge-VS and 
the threading dislocation density was determined to be 4x1011/cm2. Threading dislocations in 
Ge0.98Sn0.02 grown on Ge-VS were observed to come mostly from the pre-existing dislocations in 
virtual Ge (100) substrates through the Ge1-xSnx/Ge interface. Ge0.974Sn0.026 epilayers grown on 
bulk Ge (100) substrate were peudomorphic and had great crystal quality without the observation 
of dislocations, as could be observed from Figure 3(c). By comparing the threading dislocation 
densities in these three samples grown on different substrates, it is evident that Ge1-xSnx samples 
grown directly on Si substrates show the highest density of threading dislocations due to the 
lattice mismatch of the epilayer and the substrate, while samples grown on Ge (100) substrates 
show nearly no defects inside the crystal structure caused by the perfect diamond cubic structure 
of Ge (100) and small lattice mismatch between the Ge substrate and Ge1-xSnx epilayer. For 
samples grown on virtual Ge substrates, some threading dislocations are observed, caused by 
the pre-existing defects inside Ge-VS layers. In conclusion, substrate types influenced the crystal 
quality of Ge1-xSnx epilayers, with Ge (100) substrates providing the best crystal quality and Si 
(100) substrates providing poor crystal quality. 
Figure 3: TEM images of (a) Ge0.98Sn0.02 grown on Si (100) substrate; (b) Ge0.974Sn0.026 grown on virtual Ge 
substrate; (c) Ge0.974Sn0.026 grown on Ge (100) substrate [24]. Reprinted with permission from Semicond. 
Sci. Technol. 22 (2007) S231–S235. 
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2.1.2 Critical Epitaxial Thickness and Sn Segregation 
Critical epitaxial thickness tepi plays a vital role in the growth of Ge1-xSnx epilayers using 
MBE as it defines the onset of amorphous growth or Sn segregation under certain growth 
temperatures and Sn concentrations. Gurdal et al [33] reported the growth of epitaxial metastable 
diamond-structure Ge1-xSnx alloys with Sn contents of up to 26% at a growth temperature of 
100 °C on Ge (100) substrates through MBE in 1998. Critical epitaxial thickness and Sn 
segregation of different Sn-containing Ge1-xSnx alloys under different growth temperatures was 
studied in the above research.  
Sn segregation is common in the growth of Ge1-xSnx epilayers through MBE. Figure 4(a) 
and 4(b) show the XTEM graph and the SEM graph for Ge1-xSnx samples grown on Ge (100) at 
150 °C. The sample was expected to incorporate 13% of Sn with a thickness of 1800 Å. In Figure 
4(a), Sn-rich particles were observed and high densities of dislocations under Sn-rich particles 
appeared in Ge1-xSnx regions. Figure 4(b) revealed a population of surface particles with number 
density ~7x108/cm2 and varying diameters. This result confirmed that Sn segregation was severe 
at a growth temperature of ~150 °C, forming large surface-segregated particles. Thus, low growth 
temperature was needed for growth of Ge1-xSnx alloys in MBE to avoid Sn segregations. 
In Figure 4(c), a (110) XTEM micrograph obtained for the Ge1-xSnx sample containing 26% 
of Sn indicates the growth mechanism of fully strained Ge1-xSnx films on Ge (100). The Ge1-xSnx 
films were made up of three sublayers: the first layer was a highly perfect epitaxial region 
followed by the defective epitaxial sublayer, containing (111) stacking faults, while the terminal 
sublayer was an amorphous cap layer [33] caused by tepi. It could be seen that some misfit 
dislocations appeared at the interface of the buffer and the epitaxial film, which was caused by 
the large lattice mismatch between the epilayer and the buffer layer. The critical epilayer 
thickness for this Ge0.74Sn0.26 sample was found to be 35 Å. Figure 4(d) shows the relationship of 
critical epitaxial thickness tepi and Sn fraction x in Ge1-xSnx layers grown on Ge(100) at 100 °C. tepi 
was determined by XTEM, RHEED, and HR-XRD, respectively. It could be seen from Figure 4(d) 
that tepi decreases from 1080 Å to 35 Å as Sn concentration increases from 0 to 26%. A curvature 
was observed at x equaling 0.09, which indicated that surface morphological evolution causing 
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epitaxial breakdown was controlled by kinetic roughening when Sn concentration was less than 
9% and by strain-induced roughening when Sn concentration was higher than 9%. ɛ represents 
the film/substrate lattice constant misfit and tepi is inversely proportional to ɛ2 at Sn concentrations 
higher than 9%.  
 
Figure 4: (a) A bright field (110) XTEM image of a Ge0.87Sn0.13 sample grown on Ge(100) at the growth 
temperature of 150 °C; (b) A SEM graph of the surface of the same sample as shown in (a); (c) A high 
resolution (110) XTEM graph for Ge0.74Sn0.26 grown on Ge(100) at 100 °C. (d) Critical epitaxial thickness tepi 
versus Sn compositions x for Ge1-xSnx samples grown on Ge(100) substrates at 100 °C. Solid line 
represents calculated thickness obtained at a constant strain energy [33]. Reprinted with permission from J. 
Appl. Phys. 83 (1998) 162. 
 
2.1.3 Optical Properties 
Optical properties of Ge1-xSnx materials grown by MBE were first studied by Gang He and 
Harry A. Atwater in 1997 [23]. Ge1-xSnx layers were grown on 10 nm thick relaxed Ge buffer 
layers (100)-oriented Si substrates in MBE at the growth temperature of 180 °C. Samples have a 
Sn concentration of up to 15% and thickness of 50-300 nm. Based on the dielectric function and 
absorption data, Sn concentrations required to achieve large bandgap changes are smaller than 
expected. Strong interband transitions occur with a change in direct energy gap of 0.35 < Eg < 
0.80 eV for 0.15 >x >0. Chen et al [36] claimed the successful synthesis of the first Ge1-xSnx 
samples that were both direct-bandgap and exhibit PL in 2011, by growing Ge1-xSnx samples with 
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up to 8.6% Sn on InyGa1-yAs buffered GaAs (100) substrates through MBE. By deploying lattice-
matched InyGa1-yAs buffer layers, Ge1-xSnx samples with reduced strain and high epitaxial quality 
were realized and PL measurements were conducted at room temperature for these samples, 
showing optically distinguishable PL peaks. PL results of five samples are shown below in Figure 
5. Sample A and B were grown directly on GaAs (100) substrates while sample C, D and E were 
grown on InyGa1-yAs buffered GaAs substrates. From Figure 5(a), PL intensity increases nearly 
30 times as the Sn concentration increases from 0 to 8.6%, as could be seen in the inset. The 
increase of integrated PL intensity with the increasing Sn composition is due to the decreasing 
energy difference between L and Γ valleys. PL main peaks shift monotonically to the left (lower 
peak energy) with the increasing Sn concentrations, indicating decreasing bandgaps. Figure 5(b) 
shows PL measurements for samples A, B, and C before and after thermal annealing. Empty 
squares represent the as-grown samples while the filled squares represent the post-annealed 
samples. Ge1-xSnx samples with low Sn concentrations show dramatic PL intensity improvement 
after thermal treatments. The insignificant improvement of samples with high Sn content implies a 
limited thermal budget for stability with higher Sn compositions, caused by surface or bulk effects. 
Two PL peaks appeared clearly after annealing for samples A, B and C, which were caused by 
the direct transition and the indirect transition in Ge1-xSnx alloys due to low Sn contents. 
Compared to samples D and E with high Sn contents, which are shown in figure 5(a), it could be 
concluded that transition peaks of direct and indirect bandgaps may overlap gradually as 
increasing Sn contents will cause an indirect-to-direct transition. Based on this study, Chen et al 
[36] predicted that 7.1% of Sn was required for an unstrained direct bandgap Ge1-xSnx 
semiconductor and 8.1% of Sn was required for indirect Ge1-xSnx alloys with a compressive strain 
of 0.22% transiting to direct semiconductors.  
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Figure 5: (a) PL measurements for as-grown Ge1-xSnx samples with x value of 0 (sample A), 1.4% (sample 
B), 3.4% (sample C), 6.5% (sample D), 8.6% (sample E). The inset shows a ~30 times increase in 
integrated PL intensity after the baseline was removed with the addition of 8.6% of Sn; (b) PL 
measurements for same samples A, B, C as in (a) before and after rapid thermal annealing at 600-650 °C 
for 30 seconds [36]. Reprinted with permission from Appl. Phys. Lett. 99 (2011) 181125. 
 
2.2 Synthesis and Properties of Ge1-xSnx by CVD Techniques 
2.2.1 CVD Equipment 
Metastable Ge1-xSnx alloys with single crystal quality grown on various substrates such as 
Si (100), Ge (100), and InSb have been achieved in MBE between 1981 and 2000, with variable 
thicknesses and Sn contents ranging from 0 to 99%. However, most growths could only be 
realized at low growth temperatures of 60-200 °C. Sn segregation and low thermal stability for 
high-Sn containing Ge1-xSnx samples remained big challenges for applying these materials in 
opto-electronics. A breakthrough was firstly made in 2001 by Jennifer Taraci et al [40, 41] as they 
pioneered UHV-CVD methods for growing Ge1-xSnx samples with good crystallinity and 
unprecedented thermal stability. The chemical precursor PhSnD3 (Ph = C6H5, D = Deuterium), 
with necessary thermal stability compared to Sn hydrides and volatility for CVD growth, was 
employed as the Sn source, while commercially available Ge2H6 was used as the Ge source. 
Ge1-xSnx alloys with a Sn concentration varying between 5% and 20% on Si substrates were 
prepared. XRD, RBS and TEM show good crystallinity and diamond-cubic structure of these 
samples. Thermal annealing treatments under 350-400 °C were performed for Ge1-xSnx samples 
grown by CVD. Both crystallinity and elemental homogeneity were improved without the 
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appearance of Sn segregation after annealing. When compared to the Ge1-xSnx samples grown 
by MBE, which showed Sn precipitation under the annealing temperature of 120-300 °C, the 
thermal stability of CVD-grown Ge1-xSnx samples were enhanced significantly. A possible 
explanation for the great difference of the thermal stability between Ge1-xSnx samples grown by 
MBE and CVD was that during MBE growth Sn was not completely incorporated into the lattice as 
isolated atoms but some small clusters or aggregates, which was caused by the molecular beam 
source of Sn from effusion cells or e-beam evaporators. However, molecular gas precursors of 
Sn used in CVD growth could incorporate single Sn atoms into Ge lattices because they 
decompose to single Sn atoms near the surface of the substrate [40, 41].  
Figure 6 below shows the representative CVD reactors. Figure 6(a) shows the design for a 
cold-wall Reduced-pressure Chemical Vapor Deposition (RPCVD) [42]. Precursors are injected 
into the growth chamber by the cold showerhead, enabling uniform gas precursor distributions 
over the wafer and less gas consumption. Cold-wall design suppresses parasitic deposition and 
reduces the maintenance efforts of the reactor [42]. Real wafer temperature may be a little bit 
different from the temperature measured by 6 thermocouples in the graphite susceptor heated by 
IR-lamps. Figure 6(b) shows the sketch of a three-zone UHV-CVD [43]. B12 represents the 
cylindrical quartz deposition chamber with a wall thickness of 3 mm and an inner diameter of 6 
inches. Heated by a resistance furnace which is made up of three independently controlled 
reaction zones with a wide temperature range of 300-1100 °C, sample compositions could be 
carefully adjusted by controlling the chamber temperature. B8, which indicates the dry backing 
pump directly connected to growth chamber, allows the depositions carried out at low pressure in 
the 1.0~0.3 Torr range. For lower growth pressures (10-3~10-4 Torr), the so-called UHV-CVD 
conditions are obtained by a process turbomolecular pump labeled as B7 in Figure 6(b). Figure 
6(c) shows the schematic illustration of a GSME or UHV-CVD [44]. A coiled graphite element 
enclosed within a cylindrical quartz jar which is pumped down to 10-10 Torr provides heating for 
the wafer. A cryo pump is used to keep the background chamber pressure at ~10-10 Torr. The 
injection nozzle is terminated with a showerhead inside the chamber, which dispenses the gas 
precursors to the substrate.  
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Figure 6: (a) Sketch of the showerhead-design of the cold-wall RP-CVD [42]. Reprinted with permission from 
ECS Trans. 50 (2013) 885–893. 
 
 
Figure 6: (b) A schematic illustration of a three-zone UHV-CVD [43]. Reprinted with permission from 
Semicond. Sci. Technol. 24(11), 115006 (2009). 
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Figure 6: (c) Schematic illustration of a single wafer CVD or Gas-source Molecular Epitaxy (GSME) reactor. 
The internal structure is shown on the left [44]. Reprinted with permission from J. Am. Chem. Soc. 134 
(2012) 20756–20767. 
 
2.2.2 Growth and Structural Properties 
2.2.2.1 Precursors and Substrates 
The adoption of new types of chemical precursors for providing Ge and Sn atoms during the 
growth of Ge1-xSnx alloys in CVD brightened the future for growing Ge1-xSnx binaries of great 
crystallinity and high thermal stability with a wide range of Sn compositions, which could be 
widely applied in the semiconductor industry. Various Ge and Sn precursors such as GeH4, 
Ge2H6, Ge3H8, Ge4H10, SnD4, and SnCl4 have been employed to synthesize Ge1-xSnx alloys. 
Table 2 below summarizes the synthesis and film properties of Ge1-xSnx alloys grown by CVD in 
recent years. 
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Table 2: Synthesis and Properties of Ge1-xSnx Alloys Grown by CVD 
Ref Precursors Instrument Substrate Growth 
T (°C) 
Sn% Thickness FWHM χmin Strain 
[40, 41, 
45] 
Ge2H6, 
(Ph)SnD3 
UHV-CVD Si (100) 350 0-20% 40-80 nm <0.5° 6% - 
[9, 46-
55] 
Ge2H6, SnD4 UHV-CVD Ge-VS, 
Si (100), 
Si (111) 
250-350 0.6%-17% 50-500 nm 0.07°-
0.5° 
4% Largely relaxed 
[51, 56] Ge3H8, SnD4 UHV-CVD Ge-VS, 
 
295-350 0.3%-11% <1μm 0.15° - 0.05%~0.25% 
compressive 
strain 
[57, 58] Ge3H8, SnD4 UHV-CVD Si (100) 300-360 1%-9% 300-750 nm 0.6° - 0.1% 
compressive 
strain 
[62-68] 
 
Ge2H6, SnCl4 RPCVD Ge-VS 250-400 0-15% <1 μm - 5%-
9% 
0-80% relaxation 
[60, 69-
72] 
Ge2H6, SnCl4 APCVD Ge-VS ~320 6.4%-12.6% 30-1000 nm 0.08°-
0.12° 
<10% - 
[42, 73] Ge2H6, SnCl4 RPCVD Si (100) 375-475 3.5%-18% 30-255 nm - <20% Nearly fully 
relaxed 
[66-68, 
74, 75] 
GeH4, SnCl4 RPCVD Ge-VS, 
Ge (100) 
<450  0-12% <1.1 μm - 5% - 
[59] Ge4H10, SnD4 UHV-CVD 
(GSME) 
Ge-VS 150-200 6%-17% 39-370 nm - 5.9% 0.82%-2.22% 
compressive 
strain 
 
It could be seen from Table 2 that various chemical precursors of Ge and Sn have been 
employed in recent years to grow Ge1-xSnx alloys because of their different decomposition 
temperature and availability. Higher order Ge hydrides could provide Ge atoms more efficiently 
than Ge hydrides of lower order under the same temperature. Growth temperature could be 
brought down from 475 °C to 150 °C for growing Ge1-xSnx alloys containing the same Sn contents 
by deploying higher order Ge hydrides. Four main types of CVD have been used in recent years 
including UHV-CVD, RPCVD, Atmospheric-pressure Chemical Vapor Deposition (APCVD) and 
GSME. Growth substrates are Si (100), Ge-VS, Si (111) and Ge (100). The following paragraphs 
describe the contents listed in Table 2. 
In 2002, M. Bauer et al [46] introduced SnD4 for providing Sn atoms in CVD growth. The 
higher reactivity of SnD4 than PhSnD3 enables the synthesis of Ge1-xSnx alloys under a lower 
growth temperature. Growth was conducted at 250-350 °C in UHV-CVD with a mixture pressure 
of 10-3 torr of Ge2H6, SnD4 and H2 carrier gas, yielding 50-500 nm thick Ge1-xSnx films with Sn 
concentrations varying between 2% and 17% on Si (100) wafers. RBS channeling yielded a 
minimum χmin value 4%, which approaches the limit of 3% for structurally perfect Si, indicating 
that most Sn atoms are incorporated into substitutional tetrahedral sites of Ge lattices. FWHM 
was between 0.25° and 0.5°, indicating a tightly aligned spread of crystal mosaics. XTEM images 
of Ge0.94Sn0.06 were shown in Figure 7. The top panel shows atomically flat surface morphology 
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and the middle panel reveals the uniformity of the film thickness, some threading dislocations and 
(111) stacking faults. Arrows in the bottom panel indicate Lomer Edge dislocations at the 
interface of the substrate and the epilayer. The estimated defects density in the Ge0.94Sn0.06 
epilayer was determined to be around 107/cm2, a value that is acceptable for device applications.  
 
Figure 7: XTEM images of Ge0.94Sn0.06. The top, middle and bottom panel represent different scales [46]. 
Reprinted with permission from Appl. Phys. Lett. 81 (2002) 2992. 
 
Using SnD4 as the Sn source has dominated the growth of Ge1-xSnx alloys in UHV-CVD for 
a decade, as described in [9, 46-59]. In 2011, B. Vincent et al [60] firstly employed SnCl4 as Sn 
precursor in CVD growth. An APCVD was also used for growing Ge1-xSnx binaries. One 
advantage of using SnCl4 is the absence of instability issues as liquid will provide a more stable 
vapor pressure for growth. Furthermore, SnCl4 is a commercially available product while SnD4 is 
hard to prepare and needs special requirements to keep stable for a long time [61]. At a low 
growth temperature of 320 °C to avoid possible Sn segregation, Ge1-xSnx samples with up to 10% 
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Sn were produced on Ge (100) and Ge-VS substrates by adjusting the Ge2H6/SnCl4 flux ratio. 
XRD-RSM along the (224) direction shows the fully strained Ge1-xSnx epilayer on Ge-buffered Si 
and cross-section TEM micrograph reveals a defect-free Ge1-xSnx epilayer. Later, Ge1-xSnx alloys 
grown on Ge-buffered Si utilizing Ge2H6 and SnCl4 were also realized in a RPCVD, as described 
in [62-68]. Ge1-xSnx samples with up to 15% of Sn were grown at 250-400 °C with χmin located 
between 5% and 9%.  Experimental results implied that lower growth temperature was required 
for higher percentages of Sn incorporation, however, the lower temperature limited the growth 
rate and prevented the relaxation of the mismatch strain [57]. Thus, growing thick (~1μm) Ge1-
xSnx films with high Sn concentrations remains challenging. To resolve this issue, in 2012, G. 
Grzybowski et al [57, 58] introduced Ge3H8 as a Ge precursor in UHV-CVD growth. Thermolysis 
of commercially available Ge2H6 produces higher order Ge hydrides such as Ge3H8 and Ge4H10, 
as described in [58]. The higher efficiency of Ge3H8 providing Ge atoms after decomposition 
elevated the growth rate of Ge1-xSnx films by 3~4 times compared with those obtained using 
Ge2H6 under similar pressure and temperature conditions. Growth was conducted at 300-360 °C, 
producing up to 1 μm thick Ge1-xSnx films with Sn compositions of 1%-9%. AFM images reveal 
flat surfaces and XTEM micrographs indicate mono-crystalline epilayers with uniform thickness 
and the existence of stacking faults near the interface.  
Ge2H6 was widely employed as a Ge precursor for Ge1-xSnx growth by CVD for decades 
because its decomposition temperature was compatible with the low temperature required to 
grow high-Sn containing Ge1-xSnx binaries [61]. Ge2H6 is suitable for production of Ge1-xSnx on a 
research scale but not for HVM as the limited amount of material that could be packaged in a gas 
cylinder caused by the explosive property in liquid form. Thus, in 2014, Joe Margetis et al [61] 
reported the growth of Ge1-xSnx alloys with Sn contents up to 12% in a commercial RPCVD 
system under growth temperatures lower than 450 °C, utilizing low cost GeH4 and SnCl4 as Ge 
and Sn precursors, respectively. The growth rate was found to range from 10 nm/min to 20 
nm/min for different growth temperatures. χmin, the ratio of aligned spectra to random spectra 
peak intensity in RBS, is less than 5% for both Ge and Sn signals in Ge1-xSnx epilayers, indicating 
perfect crystallinity of the epilayers.  
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Later in 2017, Pedram Jahandar et al [66] compared the effect of different Ge precursors on 
the growth of Ge1-xSnx alloys by utilizing GeH4 and Ge2H6 in a RPCVD at a growth pressure 
below 100 Torr with H2 as a carrier gas. Ge1-xSnx samples were grown on relaxed Ge-buffered Si 
(100) substrates and it was discovered that more reactive Ge2H6 gas could enable higher 
percentages of Sn incorporation than GeH4 while both precursors demonstrated the growth of 
strained and relaxed Ge1-xSnx epilayers. By comparing Ge1-xSnx alloys with the same Sn contents 
grown by different Sn precursors, samples grown by GeH4 show fewer defects and lower surface 
roughness than samples grown by Ge2H6, which may be caused by increased GeH4 purity or 
degraded Ge2H6 source over long-term storage. Thus, even though growth rate was lowered by 
using GeH4 instead of Ge2H6, GeH4 could be a viable Ge precursor choice for CVD growth of 
Ge1-xSnx alloys considering the cost efficiency and availability of GeH4. 
The most recent study in 2017 introduced a new growth method utilizing Ge4H10 and SnD4 
in a reactor called GSME or UHV-CVD [59]. The structure of the reactor is shown in Figure 6(c). 
Growth was conducted at unprecedented low temperatures of 150-200 °C because of the 
enhanced reactivity and large molecular weight of Ge4H10, producing a variety of Ge1-xSnx 
samples with Sn contents between 6% and 17% on Ge-buffered Si (100) substrates. Figure 8(a) 
below shows the XRD (004) scan and (224) RSM for some representative Ge1-xSnx samples 
grown in this study. It could be seen that XRD (004) peaks are very sharp and symmetric with 
viable intensities, indicating the good crystal quality of these films. Moreover, (004) peaks shift left 
to lower Bragg angles with increasing Sn contents, indicating the increasing out-of-plane lattice 
parameter c. The inset in Figure 8(a) is a (224) RSM of a representative sample Ge0.87Sn0.13, 
revealing that the sample is almost fully strained to the Ge buffer. Figure 8(b) shows a Z-contrast 
aberration-corrected XTEM image for a sample of Ge0.83Sn0.17 and the inset is a higher 
magnification analog. The sample is coherently single crystal without the observation of 
dislocations, as could be seen from the main panel. The inset illustrates the average diamond 
cubic structure of the epilayer without any Sn clustering. Critical epitaxial thickness exists in low 
temperature growth of Ge1-xSnx, as reported for MBE growth. A striking observation of this growth 
method is that high Sn concentrations of 17% could be achieved at low temperatures with 
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thicknesses exceeding 30 nm, which was reported to be the highest critical epitaxial thickness for 
samples grown at 100-150 °C [76].  
  
Figure 8: (a) A series of XRD (004) θ/2θ scans of Ge1-xSnx alloys with x equaling 10%, 13%, 17%, 
respectively. The inset is (224) RSM for Ge0.87Sn0.13 grown on Ge-buffered Si; (b) A Z-contrast aberration-
corrected XTEM image of Ge0.83Sn0.17. The inset is a higher magnification analog [59]. Reprinted with 
permission from P M Wallace et al 2017 Semicond. Sci. Technol. 32 025003. 
 
From Table 2, it could be seen that various substrates such as Si (100), virtual Ge buffers 
grown on Si (100), Ge (100), and Si (111) were used for growing Ge1-xSnx alloys. Samples grown 
on Si (100) substrates show less strain but higher FWHM values of the XRD (004) rocking curve 
scan, while samples grown on Ge-VS show lower FWHM but high compressive strain values 
which would deteriorate the effects of high Sn concentration bringing to the band structure. For a 
largely relaxed Ge0.8Sn0.2 sample grown on Si (111), FWHM is 0.07°, indicating highly aligned 
crystal mosaics.  
 
2.2.2.2 Growth Kinetics and Carrier Gases 
Growth parameters have to be carefully adjusted to obtain Ge1-xSnx alloys with desired Sn 
concentrations and film thickness. Aubin et al [67] reported the Ge1-xSnx growth kinetics in 
RPCVD deploying Ge2H6 and SnCl4. Figure 9 below shows the effect of growth temperature and 
SnCl4/H2 mass flow ratio (MFR) on Sn concentration and Ge1-xSnx growth rate. As could be seen 
from Figure 9(a), a total growth pressure of H2, Ge2H6 and SnCl4 was kept at a constant of 100 
Torr. The dashed line in blue with squares represents that under the growth temperature of 
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325 °C, F(SnCl4) and F(Ge2H6) were gradually increased while keeping F(SnCl4)/F(Ge2H6) MFR 
constant at 5.2x10-2. The blue solid line with squares represents samples obtained at 325 °C with 
a total growth pressure of 100 torr and fixed F(Ge2H6) mass flow while keeping F(Ge2H6)/F(H2) 
MRF at 5.95x10-4. F(Ge2H6) and F(H2) were both kept constant while increasing F(SnCl4)/F(H2) 
MFR gradually from 1.03x10-5 to 4.12x10-5. The green solid line with circles represents samples 
grown at 300 °C with a total pressure of 100 Torr and fixed F(Ge2H6) mass flow while keeping 
F(Ge2H6)/F(H2) MFR at 7.92x10-4. From Figure 9(a), both the Ge1-xSnx growth rate in nm/min and 
Sn concentrations increase as SnCl4 mass flow increases. The intriguing observation of Ge1-xSnx 
growth rate increasing with increasing SnCl4 mass flow was likely caused by surface Sn atoms 
catalyzing H desorption, thus freeing sites for Sn and Ge incorporation. Figure 9(b) shows the 
Ge1-xSnx growth rate and Sn concentration as functions of the growth temperature at a growth 
pressure of 100 torr while keeping F(Ge2H6)/F(H2) MFR at 7.92x10-4 and F(SnCl4)/F(H2) MFR at 
4.12x10-5. When growth temperature increases from 300 °C to 350 °C, Ge1-xSnx growth rate 
increases from 15 nm/min to 32 nm/min, likely resulting from thermally activated H desorption 
from the surface. The activation energy was determined to be 10.4 kcal/mol. Sn concentration 
decreases sharply from 15% to 6% as temperature increases gradually with a slope of -1.85% 
Sn/10 °C. 
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Figure 9: (a) Ge1-xSnx growth rate (nm/min) vs F(SnCl4)/F(H2) MFR (top) and Sn concentration (%) vs 
F(SnCl4)/F(H2) MFR (bottom); (b) Growth rate versus temperature (top) and Sn concentration versus 
temperature (bottom) at 100 Torr growth pressure [65]. Reprinted with permission from Journal of Crystal 
Growth. 482. 30-35. 
 
Growth of Ge1-xSnx alloys using different carrier gases such as H2 or N2 has been 
investigated in [43, 69, 73, 77]. It was found that under same growth conditions N2 provided a 
higher growth rate than that of H2 because of less H absorption onto the surface [69], however, 
Sn incorporation is reduced by using N2 as a carrier gas [77]. Moreover, Wirths et al [73] found 
that the activation energy of using H2 for Ge growth in CVD was 0.7 eV while an activation energy 
of 0.5 eV using N2 as the carrier gas. This observation may provide further insight for growing 
Ge1-xSnx alloys. 
 
2.2.3 Optical Properties 
Von den et al [65] demonstrated that compressive strain of Ge1-xSnx alloys deteriorated the 
decrease of the bandgap at Γ point, resulting in Ge1-xSnx alloys with higher direct bandgap than 
expected for the same Sn content levels of Ge1-xSnx alloys with strain relaxation or tensile strain, 
which could be seen from Figure 10. Figure 10(a) and 10(b) show the electronic band structure 
calculations as a function of the biaxial strain for Ge1-xSnx alloys containing 12.5% Sn. From 
Figure 10(a), it is found that at a Sn concentration of 12.5%, Ge1-xSnx layers with 1.05% 
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compressive strain show the crossover of bandgap energy at L valley and Γ valley, which 
indicates the transition of indirect-to-direct, as could be verified from Figure 10(b) at the biaxial 
strain of -1.05%. From Figure 10(b), higher compressive strain than 1.05% will cause the 
decrease of the directness ΔE, which equals the energy difference between the indirect L-valley 
and direct Γ-valley in Ge1-xSnx layers. For a fully relaxed Ge0.875Sn0.125 layer, the energy difference 
of L- and Γ-valley is determined to be 80 meV, as could be seen in Figure 10(b), resulting in a 
direct semiconductor. Increasing Sn incorporation into Ge lattices also lowers the energy 
difference of L- and Γ-valley for Ge1-xSnx alloys, causing lower energy bandgaps and promoting 
the transition of the bandgaps from indirect to direct. PL spectra and reflectance spectra [65] in 
Figure 11 are combined to analyze the optical properties for 750-1000 nm thick Ge1-xSnx layers 
with a Sn content between 8.5% and 14%. Ge buffers grown on Si (100) were also measured for 
reference. It is concluded that absorption edges in sphere reflectance spectra and emission 
peaks in the PL spectra shift to lower energies with increasing Sn content. As Sn concentration 
increases from 8.5% to 14%, absorption edges shift from 0.55 eV (2.25 μm) to 0.35 eV (3.5 μm), 
enabling the material to be applied in short- to mid-infrared photodetectors. 
 
Figure 10: Bandgap difference Δ-E and the directness determination for Ge0.875Sn0.125 layers grown on Ge-
VS, under different biaxial strain (lower scale) or degree of relaxation (upper scale) [65]. Reprinted with 
permission from Chem. Mater. 2015, 27, 13, 4693-4702. 
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Figure 11: (a) Room temperature reflectance spectra for 750-1000 nm thick Ge1-xSnx layers with Sn contents 
varying between 8.5% and 14%; (b) PL spectra for the same samples as in (a) [65]. Reprinted with 
permission from Chem. Mater. 2015, 27, 13, 4693-4702. 
 
2.2.4 Bandgap vs Sn Content 
It is essential to know how direct and indirect bandgaps vary with Sn concentrations in Ge1-
ySny binary alloys. L. Jiang et al [78] reported linear and quadratic fits to the compositional 
dependence of direct and indirect bandgaps of Ge1-ySny alloys. When Sn concentration is lower 
than 10%, linear fits are given by E0(y) = 0.796 - (3.57 ± 0.06)y and Eind(y) = 0.655 - (1.64 ± 
0.10)y. The fits are shown in Figure 12 below as a solid curve. However, when y=1, the bandgap 
values obtained from the linear expression for α-Sn are drastically different from experimentally 
measured values. To obtain an expression which is valid in the entire compositional range, a 
quadratic fit was put forward and the bandgaps were defined from E0(y) = 0.796(1-y) - 0.413y - 
(2.46 ± 0.06)y(1 - y) and Eind(y) = 0.655(1 - y) + 0.006y - (1.03 ± 0.11)y(1 - y) if both end values of 
y = 0 and y = 1 were taken into consideration as the corresponding values in pure Ge and α-Sn. 
The quadratic fits are also shown in Figure 12 below as the dotted line. In the quadratic fit, b0 = 
2.46 ± 0.06 eV and bind = 1.03 ± 0.11 eV, which shows good fits for samples with Sn compositions 
less than 6% produced in Ref.79, as will be discussed later. These two fits seem identical when 
y<0.06 for both indirect bandgaps and direct bandgaps and show deviations when Sn 
concentration is further increased beyond 6%. Generally, the slopes of these two fits are very 
close to each other, so based on these two fits and small slope errors, the crossover Sn 
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concentration for GeSn transferring from the indirect semiconductor to the direct is determined to 
be y = 0.073 + 0.007 or y = 0.073 - 0.006. 
 
Figure 12: Bandgap values versus Sn concentration for Ge1-ySny alloys. Circles represent direct bandgap 
values while squares show indirect bandgap values. The solid line shows the linear fit for Ge1-ySny samples 
produced in [78] while the dotted line indicates the quadratic fit. Grey area indicates the error in the 
crossover concentration [78]. Reprinted with permission from Semiconductor Science and Technology 29, 
115028 (2014). 
 
In 2014, J. D. Gallagher et al [79] reported the relationship between bandgaps and Sn 
concentration in Ge-rich Ge1-ySny alloys. It was pointed out that bowing parameters b0 and bind for 
Ge1-ySny alloys were compositionally dependent. PL at room temperature was performed to 
determine the direct bandgap E0 for Ge1-ySny alloys containing 0-11% of Sn. E0 was modeled as 
an exponentially modified Gaussian (EMG) which was fit with a generalized van Roosbroeck-
Shockley expression, while the emission peak of Eind was modeled as a Gaussian. Figure 13 
below shows the quadratic and cubic fits of direct and indirect bandgaps for Ge1-ySny samples 
containing 0-11% of Sn [78, 79]. For conventional quadratic fits of the bandgaps, b0 = 2.46 ± 0.06 
eV and bind = 1.03 ± 0.11 eV gave excellent fits for Ge1-ySny samples with y < 6%, as described in 
[78]. However, constant values of b0 and bind did not give a good fit of the direct bandgap E0 for 
y > 0.06. Thus, a linear function of the bowing parameter with the composition was put forward 
and the experimental data points were well fit with the cubic expression, as could be seen from 
the solid line in Figure 13. From the model fit, b0(y) = (2.66 ± 0.09) eV – (5.4 ± 1.1)y eV and 
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bind(y) = (1.11 ± 0.07) eV - (0.78 ± 0.5)y eV. The crossover concentration of Sn for indirect-to-
direct transition in Ge1-ySny alloys was determined to be yc = 8.7% based on the cubic fits, slightly 
higher than the previously predicted for Ge1-ySny alloys using quadratic fits, caused by the 
compositional dependence of bowing parameters. 
 
Figure 13: Direct and indirect bandgaps versus Sn concentration, extracted from PL results. Black circles 
represent experimental data for the direct bandgap while white squares represent the indirect bandgap of 
the GeSn alloys from the experimental data. The dotted line indicates the quadratic fits for Sn concentration 
less than 6% while the solid line shows the cubic fits. The upper panels show the residuals (black markers 
represent negative while white markers represent positive values) for fitting the direct bandgap with a cubic 
expression and with a quadratic expression [79]. Reprinted with permission from Appl. Phys. Lett. 142102 
(2014). 
 
2.2.5 Thermal Stability 
As mentioned above, Ge1-xSnx samples grown by CVD have higher thermal stability than 
samples grown by MBE because of the chemical precursors providing single Sn atoms for 
reactions rather than Sn clusters, which may be present in MBE growth. Vincent et al [60] studied 
the thermal stability for Ge1-xSnx samples grown in APCVD on Ge-VS substrates with Sn contents 
up to 8%. Figure 14 below shows XRD (004) ω/2θ scan and Secondary Ion Mass Spectroscopy 
(SIMS) data for Ge0.92Sn0.08/1 μm Ge/Si (100) samples before and after annealing. It could be 
seen from Figure 14(a) that Ge1-xSnx samples stay monocrystalline after annealing at different 
conditions because of the existence of the symmetric Ge1-xSnx peaks of high intensities. A 
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significant shift of ω-2θ peak after annealing at 500 °C for 30 minutes may be caused by strain 
relaxation. SIMS was shown in Figure 14(b) to determine the Ge-Sn interdiffusion after annealing. 
The Sn slope is identical for samples before and after annealing except the sample annealed at 
500 °C for 30 minutes. The significant decreasing slope for this sample indicated Sn diffusion into 
Ge, caused by Sn precipitation. Integrating these experimental results, it was found out that 
Ge0.92Sn0.08 samples could withstand 500 °C thermal annealing for up to 10 minutes without 
showing Sn precipitation. This result confirmed the higher thermal stability of Ge1-xSnx samples 
grown by CVD than samples grown through MBE. 
 
Figure 14: (a) XRD 004 ω-2θ scans for as-grown(black) Ge0.92Sn0.08 samples and annealed at 400 °C for 1 
min (red), 400 °C for 30 min (blue), 500 °C for 10 min (green) and 500 °C for 30 min (purple), respectively; 
(b) SIMS for the same Ge0.92Sn0.08/1 μm Ge/Si (100) samples before and after annealing [60]. Reprinted with 
permission from Appl. Phys. Lett. 99 (2011) 152103. 
 
2.2.6 Doping 
To apply Ge1-xSnx materials in opto-electronics, it is important to develop n-type or p-type 
doped Ge1-xSnx alloys which have better electrical properties because of efficient carrier 
injections. A lot of doping precursors such as B2H6, P(GeH3)3, P(SiH3)3 and As(SiH3)3 [55, 57, 58, 
61] have been employed to introduce viable doping concentrations in Ge1-xSnx epilayers through 
CVD growth. Senaratne et al [57] reported the n-doping of Ge1-xSnx using P(GeH3)3 and P(SiH3)3. 
Figure 15 below shows the PL spectra comparisons for both intrinsic and n-type doped 
Ge0.94Sn0.06, with a doping concentration of 3x1019/cm3. It could be seen from Figure 15(a), after 
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phosphorus doping, PL intensity is significantly improved by ~10 times of the intensity of the 
intrinsic sample. The slight redshift of the PL peak for the doped sample is caused by 
renormalization of the bandgap. From PL plots fits for experimental phosphorus-doped Ge1-xSnx 
alloys, direct and indirect bandgaps data are shown in Figure 15(b). Both the indirect and direct 
bandgap energies are lower than those of intrinsic samples with the same Sn contents, caused 
by bandgap renormalization. However, considering the fact that the bandgap renormalization 
energies are similar (in Ge-based materials) for intrinsic and doped samples, indirect-to-direct 
crossover should not be strongly affected by doping.  
 
Figure 15: (a) PL spectra for intrinsic, surface passivated and phosphorus-doped Ge0.94Sn0.06 samples; (b) 
Direct and indirect bandgaps extracted from PL plots fits of phosphorus-doped Ge1-xSnx alloys with the color 
indicating the carrier densities [57]. Reprinted with permission from Appl. Phys. Lett. 101 (2012) 072105. 
 
3. Microstructural Evolution and Mechanisms for Strain Relaxation for Ge1-ySny Films 
Grown on Ge Buffers 
Ge buffers were employed as virtual substrates for the growth of Ge1-ySny epilayers 
because of higher critical thickness values compared to the growth of Ge1-ySny directly on Si and 
its smaller lattice mismatch with Ge1-ySny containing Sn contents of interest, thus reducing the 
defect densities inside the Ge1-ySny epilayers [59]. For Ge1-ySny samples grown on Ge buffered-
Si, either through MBE or CVD, it is well-known that compressive strain exists in the Ge1-ySny 
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epilayers caused by the nearly fully pseudomorphic growth of Ge1-ySny on Ge buffers. 
Compressive strain in Ge1-ySny epilayers is not desired because it increases the separation 
between the direct and indirect bandgaps, thus reducing the emission intensity and weakening 
the effects of Sn alloying [51, 59]. C. L. Senaratne et al [51, 56] and P. M. Wallace et al [59] 
reported strain relaxation mechanisms based on critical thickness.  
 
3.1 Temperature Effects 
Li et al [80] reported the thermal annealing effects for strain relaxation in Ge1-ySny alloys 
grown through MBE in 2013. Figure 16 below shows XRD (004) ω/2θ spectra for Ge0.92Sn0.08 
samples treated under 300-620 °C for 40s and the results were categorized into three groups. For 
samples thermally treated below 400 °C, Ge1-ySny peak positions remain unchanged, as indicated 
by the black solid line. For samples annealed at 420-540 °C, Ge1-ySny peak positions shift right 
gradually towards the Ge peak, as indicated by the dash line. For samples annealed beyond 
580 °C, Ge1-ySny peak positions shift right getting closer to Ge peak and the intensity of Ge1-ySny 
peak was observed to be lower as temperature increases, as could be seen from the inset in 
Figure 16. Ge buffer is fully relaxed for all samples because of the unchanged Si and Ge peak 
positions after annealing. The change of the Ge1-ySny peak position reflects the variations of the 
lattice parameter in the growth direction (aꓕ), thus showing the change in the degree of strain 
relaxation (R), as R is calculated (R = (aǁ - aGe)/(a - aGe) where aǁ representing the in-plane lattice 
constant was obtained from XRD (224) measurements and a representative Ge1-ySny bulk lattice 
constant was calculated from a = (aꓕ + 2aǁμ)/(1 + 2μ) where μ is the Poisson ratio. Table 3 shows 
the summary of lattice constants, Sn compositions (y) and the degree of strain relaxation (R) for 
Ge1-ySny samples annealed at various temperatures. Sn compositions decrease from 7.82 to 7.48 
and 4.1 while annealing temperature exceeds 580 °C, indicating possible Sn segregation in the 
Ge1-ySny epilayer after annealing which was confirmed by XTEM and EDS results. From the 
calculations of the degree of strain relaxation in Table 3, it was evident that increasing annealing 
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temperatures beyond 380 °C caused a higher degree of strain relaxation in Ge1-ySny epilayers 
grown on Ge buffers.  
 
Figure16: XRD (004) ω-2θ measurements for samples after different annealing treatments (temperatures 
labeled above corresponding spectra). The inset illustrates the details of Ge and Ge1-ySny X-ray peak for 
samples annealed at 620 °C [80]. Reprinted with permission from Appl. Phys. Lett. 102, 251907 (2013). 
 
Table 3: Summary of Lattice Constants, Sn Compositions and Degree of Strain Relaxation for Ge1-ySny 
Samples Annealed at Different Temperatures [80]. Reprinted with permission from Appl. Phys. Lett. 102, 
251907 (2013). 
Temperature(°C) aꓕ(Å) aǁ(Å) a(Å) y(%) R(%) 
300 5.767 5.646 5.715 7.82 Fully strained 
340 5.767 5.646 5.715 7.82 Fully strained 
380 5.767 5.646 5.715 7.82 Fully strained 
420 5.761 5.654 5.715 7.82 11.6 
460 5.756 5.661 5.715 7.82 21.7 
500 5.750 5.669 5.715 7.82 33.3 
540 5.747 5.673 5.715 7.82 38.5 
580 5.720 5.702 5.712 7.48 81.2 
620 5.682 5.682 5.682 4.1 Fully relaxed 
 
TEM was employed to analyze the microstructure of Ge1-ySny samples after annealing, for 
studying the mechanisms of strain relaxation. Figure 17 below shows XTEM images for annealed 
Ge1-ySny samples grown on Ge-buffered Si. For samples annealed at 300 °C, Figure 17(a) shows 
the misfit dislocations marked by dotted circles at the interface of Ge and Si while the enlarged 
micrograph (inset) of the interface between Ge1-ySny and Ge shows the absence of misfit 
dislocations, indicating the fully relaxed Ge buffer layer and fully strained Ge1-ySny epilayer. In the 
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case of annealing at 420-540 °C, Figure 17(b) shows XTEM images for samples annealed at 
540 °C and misfit dislocations were observed at the Ge/Si and GeSn/Ge interfaces, indicating the 
strain relaxation was mainly caused by the formation of misfit dislocations during thermal 
annealing. For samples annealed beyond 580 °C, XTEM and EDS results indicates the 
appearance of Sn-rich clusters, as consistent with the change of Sn compositions after annealing 
from XRD (224) RSM results. 
 
Figure 17: XTEM images taken under diffraction vector g=220 for samples annealed at 300 °C (a) and 
540 °C (b) [80]. Misfit dislocations at the interfaces of two layers were marked with either short solid arrows 
or dotted circles. Reprinted with permission from Appl. Phys. Lett. 102, 251907 (2013). 
 
C. L. Senaratne et al [56] also mentioned reducing the strain relaxation up to 80% by rapid 
thermal annealing for Ge1-ySny samples containing 6%-7% Sn grown on Ge buffers through CVD. 
For a Ge0.94Sn0.06/Ge sample, the compressive strain of the Ge1-ySny epilayer is determined to be 
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only 0.1292% and cross hatch patterns caused by dislocations at the interface were observed in 
AFM images, as shown in Figure 18. 
 
Figure 18: AFM image for Ge0.94Sn0.06/Ge/Si grown by CVD [56]. Reprinted with permission from Chem. 
Mater. 26 (2014) 6033–6041. 
 
In conclusion, thermal annealing temperature affects the degree of strain relaxation in Ge1-
ySny epilayers grown on Ge buffers by promoting the formation of misfit dislocations at the 
interface of GeSn/Ge. When annealing temperatures are kept at a proper range, increasing 
temperature causes a higher degree of strain relaxation in Ge1-ySny epilayers. While temperature 
is lower than the minimum effective annealing temperature, compressive strain stays unchanged. 
Furthermore, when temperature exceeds the maximum annealing temperature the Ge1-ySny 
samples could withstand, Sn segregation starts to appear and destroys the crystal quality. 
 
3.2 Critical Thickness 
As discussed before, strain relaxation plays a vital role in applying Ge1-ySny materials in 
opto-electronics and is difficult to realize in Ge1-ySny alloys grown on Ge buffers. For Ge1-ySny 
samples by MBE in early periods at the growth temperature of 100-160 °C [33, 81], a certain 
critical thickness indicates the start of epitaxial breakdown and surface roughening such as Sn 
segregation [59]. However, Wang et al [76] and C. L. Senaratne et al [51] reported the synthesis 
of Sn-rich Ge1-ySny alloys with thickness far exceeding the critical thickness calculated from the 
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Mathews-Blakeslee model. Most recently, P. M. Wallace et al [59] reported the growth of fully 
strained, high-quality films beyond the thickness possible with MBE techniques by deploying the 
Ge precursor Ge4H10. Figure 20 [59] below summarizes the relationship of film thickness and Sn 
composition in Ge1-ySny alloys grown on Ge buffers produced by MBE (Wang et al [76] and 
Bhargava et al [82]) and CVD (P. M. Wallace [59] and Gencarelli et al [70]). All empty symbols 
represent partially or fully relaxed Ge1-ySny samples while all solid symbols correspond to fully 
strained Ge1-ySny samples. The shaded area indicates the film thickness range for fully strained 
samples based on the People-Bean model reported in [76]. The fact that all the data points show 
film thickness far exceeding the Mathews-Blakeslee (M-B) model indicated that M-B model was 
no longer applicable here.   
The People-Bean (P-B) model was utilized by Wang et al [76] to fit the relationship of film 
thickness and Sn composition for fully strained Ge1-ySny alloys on Ge buffers. The P-B model 
compares the elastic energy and the energy for dislocation nucleation. In Figure 19 below, the 
equilibrium P-B model predicts a critical thickness which is consistent with the border line of grey 
area and white area in the figure. The Hull-Houghton model was employed by C. L. Senaratne et 
al [51] and Gencarelli et al [70] to fit the film thickness versus Sn concentration of fully strained 
and partially relaxed Ge1-ySny samples grown on Ge buffers. Particularly, C. L. Senaratne et al 
[51] obtained a curve fitting their samples by using the value of n0 obtained from the sample fits in 
Ref.56, in conjunction with their growth conditions. They predicted an evident strain relaxation for 
all of their samples based on the observation that the calculated line is well below the actual 
sample thickness, as found experimentally. When metastable critical thickness is conventionally 
defined as the largest film thickness before strain relaxation happens in the Ge1-ySny epilayer, 
Hull-Houghton [83] kinetic strain relaxation model doesn’t provide well-defined critical thickness. 
What’s more, using the fit of Hull-Houghton as shown in [51], the data in [59] and [76] cannot be 
explained. Neither the change of activation energy Qn or density of incipient dislocation nuclei n0 
could successfully explain all the data in Figure 19. All of these facts imply that Hull-Houghton 
kinetic strain relaxation model is not completely applicable in predicting critical thickness for fully 
strained Ge1-ySny alloys grown on Ge buffers because it ignores dominant strain relaxation 
  34 
mechanisms at low temperatures. To further compare the equilibrium model and the kinetic strain 
relaxation model, P. M. Wallace et al [59] conducted annealing experiments on the 13% Sn 
samples grown on Ge buffers. It was found that annealing temperatures of up to 350 °C didn’t 
change the lattice constants of the sample while increasing the temperature. Above this 
threshold, Sn segregation and a decrease in Sn composition were observed. Other authors also 
reported similar observations about the annealing of strained Ge1-ySny epilayers in [64, 84]. These 
results indicated that phase separation was preferred over strain relaxation for the thermal 
annealing of high-Sn containing and fully strained Ge1-ySny samples, which supports the P-B 
model [76]. However, the M-B model gave the correct equilibrium critical thickness rather than the 
P-B model for similar annealing experiments in SiGe alloys [85, 86]. Thus, a better model which is 
also applicable in low temperature conditions for the strain relaxation in GeSn and SiGe alloys 
remains prospective. 
 
Figure 19: Film thickness versus Sn concentration for fully strained and partially relaxed Ge1-ySny epilayers 
on Ge buffers produced in [59] (blue circles). Some MBE-grown Ge1-ySny samples on Ge buffers are 
compared here, such as purple diamonds indicating the data from ref [82], with green triangles representing 
the data from ref [70] and red squares representing data from ref [76]. Equilibrium critical thickness for strain 
relaxation based on Mathews-Blakeslee model versus Sn concentration is shown as the dashed line, while 
the grey area represents the critical thickness predicted in [76] based on the People-Bean model and the 
data points in the work of P. M. Wallace et al [59]. Reprinted with permission from P M Wallace et al 2017 
Semicond. Sci. Technol. 32 025003. 
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4. Development of Si-Ge-Sn Ternary Alloy System 
4.1 Growth of Ge1-x-ySixSny Ternary Alloys with Random x, y Values 
 
Figure 20: Calculated electronic structure versus Si/Sn concentration diagram of Ge1-x-ySixSny alloys [87]. 
Reprinted with permission from Thin Solid Films 557 (2014) 177–182. 
 
As shown in Figure 20, the incorporation of Si into Ge1-xSnx binary alloys increases the 
direct bandgap of the system. However, by carefully tuning Si and Sn concentrations, Ge1-x-
ySixSny ternaries have potential for being widely applied in opto-electronics and photovoltaics due 
to the wide range of tunable direct bandgaps. Furthermore, the possibility for Ge1-x-ySixSny to 
decouple strain and bandgap, leading to the development of photonic devices based entirely on 
Group IV materials. With the development of growing Ge1-xSnx binaries by CVD, Bauer et al [12] 
first reported the successful growth of single crystal Ge1-x-ySixSny ternary alloy system by 
deploying Ge1-xSnx buffer layers grown on Si substrates in 2003. Gas precursors SiH3GeH3 and 
SnD4 were used to provide Ge, Si and Sn atoms during growth by UHV-CVD at 350 °C, 
producing Ge1-x-ySixSny ternary alloys with Si contents kept at 14% and Sn concentrations varying 
between 2% and 6% by adjusting the partial pressure of SnD4. The employment of strain-free and 
highly uniform Ge1-xSnx (x = 3-4 at.%) buffer layers with low concentrations of defects allowed for  
the successful growth of single crystal Ge1-x-ySixSny epitaxial films instead of amorphous films at 
350 °C. RBS aligned spectra channeled very well and channeling yield minimum χmin was 
identical for Si, Ge and Sn, indicating that Si, Ge and Sn occupying substitutional sites in the 
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diamond cubic lattices. XRD (004) rocking curve scans gave a FWHM value of 0.25°-0.5°, 
showing tightly aligned crystal mosaics. XTEM micrographs of Ge1-x-ySixSny/Ge1-xSnx 
heterostructures showed that the interface is free of defects, while the interface of Si and Ge1-xSnx 
showed some edge dislocations and stacking faults due to great lattice mismatch between the Si 
substrate and Ge1-xSnx epilayers.  
After that, more reactive Si-Ge hydrides such as (GeH3)2SiH2 and (GeH3)3SiH were also 
employed to extend the range of Si compositions under growth temperatures of 300-370 °C in 
UHV-CVD, as described in [16, 88, 89]. Si compositions were extended up to 32% when Sn 
contents extended to 11%, with a thickness of 45-100 nm for Ge1-x-ySixSny films grown on lattice 
matched Ge1-xSnx buffers. Figure 21 below shows the electronic structures of Ge1-x-ySixSny alloys 
and the relationship of Ge1-x-ySixSny bandgap and Sn concentrations. The dielectric function in 
Figure 21(a) has an identical shape to that of Ge or Ge1-xSnx, indicating monocrystalline diamond 
cubic structure of the samples as expected [90, 91]. E2 energies of these samples were 
determined from the dielectric function by using the derivative techniques described in [92] and 
the result is shown in Figure 21(b). The E2 energies for Ge1-xSnx samples from ref [92] were also 
shown in Figure 21(b) for comparison. It could be seen that the incorporation of Si into Ge1-xSnx 
causes the reduction of E2 energies, as expected based on E2 values of Si and Ge. Figure 21(c) 
[88] shows a relationship of the bandgap and Sn concentration in Ge1-x-ySixSny epilayers while 
keeping lattice constant invariable. A simplified linear relationship of lattice constants and the 
bandgaps for Ge, Si and α-Sn were assumed. By adjusting Si and Sn concentrations carefully 
while keeping lattice parameters constant, Ge1-x-ySixSny bandgaps increase as Sn concentration 
increases. The discontinuity in the line represents a transition from Si-like to Ge-like band 
structure. This implies that decoupling of lattice constant and bandgap was made possible by the 
Si-Ge-Sn ternary system, which may substitute other lattice matched IR systems, such as the 
ternary HgCdTe alloys.  
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Figure 21: (a) Pseudo dielectric function of Ge0.78Si0.20Sn0.02. Imaginary part is indicated in solid line while 
real part is represented by dashed line [16]. Interband critical points are pointed out. Reprinted with 
permission from Appl. Phys. Lett. 84 (2004) 888. (b) E2 critical point energy for Ge1-xSnx alloys (circles) with 
a single-parameter fit (solid line) and Ge1-x-ySixSny ternaries (squares) with the linear fit (dashed and dotted 
line) [16]; Reprinted with permission from Appl. Phys. Lett. 84 (2004) 888. (c) Ge1-x-ySixSny bandgaps versus 
Sn concentration [88]. The lattice parameters of Ge1-x-ySixSny ternaries are kept at constant by adjusting the 
Si and Sn compositions. Reprinted with permission from Mater. Res. Soc. Symp. Proc, Materials Research 
Society, Warrendale, Pa., 2006, p. 579.  
 
4.2 Ge1-x-ySixSny Lattice Matched to Ge 
Table 4: Summary of Ge1-x-ySixSny Alloys Properties. 
Ref Ge/Si 
precursor 
Sn 
precursor 
Instrum
ent 
Substrate T (°C) Sn%(Si%) Thickness FWHM χmin 
[12,16,88,
89] 
SiH3GeH3, 
(GeH3)2Si
H2, 
(GeH3)3Si
H 
SnD4 UHV-
CVD 
Ge1-xSnx/Si (100), 
2%<x<4% 
300-370 13%-32% Si, 
1%-11%Sn 
45-100 nm 0.25°-0.5° - 
[93] Ge2H6, 
Si2H6 
SnD4, 
SnCl4 
RPCVD Ge-VS 290-310 1%-6% Si, 
0-12% Sn 
- - - 
[94-98] Ge2H6, 
Si2H6 
SnCl4 RPCVD Ge-VS, Si (100) 350-475 4%-19% Si, 
4%-12% Sn 
<100 nm - <15% 
[13,14] SiH3GeH3, 
Si3H8, 
Ge2H6  
SnD4 UHV-
CVD 
Ge-VS 300-350 8%-42% Si, 
2%-11% Sn 
(Si/Sn=4) 
~200 nm - 
 
4% 
[10,97] Si3H8, 
Ge2H6 
SnD4 UHV-
CVD 
Si (100), Ge (100) 350-370 8%-20% Si, 
2%-7% Sn 
(Si/Sn=1.5~4) 
300-700 
nm 
- - 
[44, 98] Ge4H10, 
Si4H10 
SnD4 GSME Ge (100) 
Si (100) 
290-330 Si<20%, 
Sn<5% 
(Si/Sn=3.7) 
<1 μm - - 
[15,17,87,
99] 
Ge3H8, 
Si4H10 
SnD4 UHV-
CVD 
Ge-VS, Si (100) 290-310 3%-4% Si, 4%-
10% Sn 
(Sn>Si) 
450~600 
nm 
- - 
[15,17] Ge4H10, 
Si4H10 
SnD4 GSME Ge (100), 
Ge-VS 
260-280 1%~4% Si, 2%-
10% Sn 
Sn>Si 
500-700 
nm 
0.5°-0.6° - 
 
Table 4 above summarizes the development of Ge1-x-ySixSny ternary alloys. In 2008, Fang et 
al [13] reported the growth of Ge1-x-ySixSny ternary alloys on Ge-VS with a fixed Si/Sn ratio at ~4, 
utilizing SiH3GeH3, Si3H8, SnD4 and Ge2H6 as gas precursors. For a fixed 3.7:1 Si/Sn ratio, 
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variable direct bandgaps ranging from 0.8 eV to 1.2 eV of Ge1-x-ySixSny samples have been 
realized by tuning the Si and Sn compositions while keeping the lattice parameter identical to Ge, 
enabling the fabrication of high-efficiency multijunction solar cells. To achieve a wider range of 
composition control for both Si and Ge, an alternative approach was developed by introducing 
Si3H8 as the Si source. The reactivities of Si3H8 and SiH3GeH3 were found to be compatible 
throughout the growth temperature range of interest [100], and the reactions of Si3H8 and Ge2H6 
were perfectly stoichiometric. However, for lower temperatures (300-330 °C) growth of films with 
higher Sn contents (> 5%), SiH3GeH3 was mainly used because of its higher reactivity while Si3H8 
was used as an additive to finely tune the Si concentrations. By controlling the amount of Si and 
Ge precursors, Ge1-x-ySixSny alloys with Si contents varying from 20% to 37% and Sn contents of 
2%~12% were successfully grown at 300-350 °C. XRD, RBS and TEM results show 
monocrystalline Ge1-x-ySixSny layers with great crystal quality that are free of defects. It is worth 
mentioning that the fabrication of Ge1-x-ySixSny/Ge1-xSnx quantum well stacks in which Ge1-xSnx 
active layers are sandwiched between Ge1-x-ySixSny barriers with higher bandgaps, produced the 
first Ge1-xSnx emitting structure [13]. This Ge1-x-ySixSny/Ge/Si (100) sample also serves as the 
templates for the growth of GaAs and InGaAs, producing heterostructures with the desired 
structural and thermoelastic properties for the fabrication of photovoltaic devices under CMOS 
compatible conditions. 
Figure 22(a) below shows XRD (004) and (224) scans for Ge0.90Si0.08Sn0.02 alloys lattice 
matched to Ge. The single peak in the (004) scan is contributed by both Ge and Ge1-x-ySixSny due 
to the same lattice constant. Both of the layers are fully relaxed, as evidenced in the (224) scan in 
which the peak locates on the relaxation line. Figure 22(b) and 22(c) show XTEM micrographs for 
the same sample as shown in Figure 22(a), indicating great crystallinity of Ge1-x-ySixSny epilayers. 
  39 
 
Figure 22: (a) The XRD (224) RSM (main panel) of Ge0.90Si0.08Sn0.02/Ge/Si (100) and (004) scan (inset); (b) 
A bright field of XTEM image of Ge1-x-ySixSny/Ge/Si structure; (c) A high resolution XTEM micrograph with 
the arrow showing the interface of Ge and Ge1-x-ySixSny [14]. Reprinted with permission from Phys. Rev. 
Lett. 102 (2009) 107403. 
 
Figure 23(a) below shows the absorption coefficient for selected Ge1-x-ySixSny samples lattice 
matched to Ge. The tunable direct bandgap of Ge1-x-ySixSny ternary alloys could vary from 0.91 
eV to 1.2 eV with Sn contents in the range of 2% to 11%. Higher energy bandgaps than Ge make 
these materials promising candidates for high efficiency photovoltaic applications. For Ge1-x-
ySixSny lattice matched to Ge, the direct bandgap could be written as [14]:  
E0(X) = E0Ge + AX + BX2,                                                                                 (1.1)  
with A = E0Siβ + E0Sn(1 - β) - E0Ge - bGeSiβ - bGeSn(1 - β)                              (1.2)  
and B = bGeSiβ + bGeSn(1 - β) - bSiSnβ(1 - β).                                       (1.3)  
The experimental values and the corresponding fits are shown in Figure 23(b). With the increase 
of (Si + Sn) fraction X, E0 increases as well. 
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Figure 23: (a) Absorption coefficients at room temperature for some representative Ge1-x-ySixSny samples 
lattice matched to Ge, with number in parentheses near each curve indicating Si and Sn contents [13]. 
Direct bandgap E0 values are shown adjacent to each curve; Reprinted with permission from J. Am. Chem. 
Soc. 130 (2008) 16095–16102. (b) Direct bandgap values versus the combined (Sn + Si) fraction X for Ge1-x-
ySixSny alloys lattice matched to Ge [14]. Dashed line represents the linear interpolation of Ge, Si and α-Sn. 
Dotted line indicates the linear term in the quadratic expression for the bandgap energy [Eq 1.1] predicted 
from experiments on Ge1-xSnx and SiGe [101]. Black circles are the experimental values. Solid line 
corresponds to a fit with Eq 1.1 by adjusting linear and quadratic parameters. Reprinted with permission 
from Phys. Rev. Lett. 102 (2009) 107403. 
 
Xie et al [10, 97] reported the growth of Ge1-x-ySixSny alloys with Si/Sn ratios ranging from 
1.5 to 4 at 350-370 °C in 2009-2010, utilizing Ge2H6 and Si3H8 as precursors. It was found that 
Ge1-x-ySixSny samples with Si/Sn ratio at ~3.7 have lattice constants identical to Ge while Si/Sn 
ratios of 1.5~3.7 corresponds to samples with compressive strain varying between 0.3% and 
0.6%. Thermal stability of Ge1-x-ySixSny samples were compared to Ge1-xSnx samples containing 
same Sn content levels. Prior work of Ge1-xSnx shows that growth temperature has to be limited 
to 350 °C for growing Ge1-xSnx samples containing 2%-15% Sn, while the temperature could be 
extended up to 380 °C for growing Ge1-x-ySixSny alloys with same Sn contents. RTA is often used 
to improve the crystal quality and optical performance of the materials, and Ge1-xSnx binaries stay 
robust under annealing temperature of 450-700 °C while Ge1-x-ySixSny ternaries could withstand 
annealing temperatures of up to 850 °C.  
In 2012, Beeler and Xu et al [44, 98] introduced the growth of Ge1-x-ySixSny ternaries lattice 
matched to Ge by GSME on Ge (100) and Si (100) substrates, utilizing Ge4H10, Si4H10 and SnD4 
as precursors. Samples were grown at 290-330 °C with Si contents up to 20% and Sn contents 
up to 5%. Photodetectors were fabricated based on these materials grown on Ge (100) 
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substrates because of the defect free microstructure. Low dark current was observed from the I-V 
curve of these devices, indicating good crystal quality of the n-GeSiSn/i-GeSiSn/p-Ge 
microstructure. Figure 24 below shows the normalized responsivity for the heterostructure diodes 
with Sn contents between 1% and 4%, measured at zero bias under different wavelengths. 
The % values next to each curve represent Si and Sn contents in the corresponding Ge1-x-ySixSny 
ternary alloys, respectively. By increasing Si and Sn concentrations simultaneously within a small 
range, the absorption edges shift to lower IR wavelengths, indicating increasing bandgaps. With 
fixed Si contents, the increasing Sn concentration causes absorption edges to shift to longer IR 
wavelength, indicating the reduction in the bandgap of Ge1-x-ySixSny ternary alloys. Conversely, 
increasing Si content with fixed Sn contents causes absorption edges to shift to shorter IR 
wavelengths, indicating increasing bandgaps. Thus, devices with adjustable absorption edges 
ranging from 0.87 eV to 1.03 eV and state-of-the-art dark current densities are realized based on 
Ge1-x-ySixSny films grown on Ge (100) substrates [44]. 
 
Figure 24: (left) Normalized responsivity versus wavelength for heterostructure diodes with Sn content 
varying between 1% and 4% at zero bias. (right) Comparison of the absorption edges for Ge1-x-ySixSny 
samples with fixed Sn contents or fixed Si contents [44]. Reprinted with permission from J. Am. Chem. Soc. 
134 (2012) 20756–20767. 
 
Growth kinetics of growing Ge1-x-ySixSny ternaries at 350-475 °C were discussed in Ref.95. 
With increasing growth temperatures, Si incorporation increases monotonically while Sn 
concentration decreases. Ge/Ge(Si)Sn heterostructures with the desired strain for quantum well 
or laser applications were discussed in Ref [94-96]. Ge1-x-ySixSny samples were grown in RPCVD 
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with Si contents of 4%-19% and Sn concentrations of 4%-12%, utilizing Ge2H6, Si2H6 and SnCl4 
as gas precursors. 
 
4.3 Ge1-x-ySixSny with y > x 
A new class of Ge1-x-ySixSny ternary alloys with y > x was synthesized by UHV-CVD or 
GSME, using Ge3H8, Ge4H10, SnD4 and Si4H10 as precursors at the temperature of 260-310 °C, 
as described in [15, 17, 89, 99]. Si contents of 1%-4% and Sn contents of 2%-10% were realized 
with 450-700 nm thickness for Ge1-x-ySixSny grown on Ge-VS and Si (100) substrates. XRD (004) 
and (224) scans indicated the compressive strain in Ge1-x-ySixSny samples grown on Ge-buffered 
Si and mostly relaxed strain state in Ge1-x-ySixSny samples grown directly on Si (100) substrates. 
RBS ion channeling shows a well aligned spectra with low χmin for Ge1-x-ySixSny samples, 
indicating the incorporation of Si and Sn into the substitutional diamond cubic sites of Ge lattices. 
Optical properties for Ge1-x-ySixSny ternary samples are shown below. In Figure 25(a), the main 
peak in the PL spectra is caused by the direct gap of Ge1-x-ySixSny while the shoulder peak at 
lower energy represents the Ge-like indirect bandgap corresponding to the L-valley. As Si and Sn 
concentrations increase in such a way with Sn > Si, direct bandgap decreases and the difference 
between direct bandgap and indirect bandgap decreases. When the indirect and direct bandgap 
peaks overlap with each other completely, the crossover of indirect-to-direct will happen. Figure 
25(b) shows the changes of indirect and direct bandgaps extracted from PL for samples of Ge0.96-
ySi0.04Sny with varying y values. As Sn concentration increases from 0 to 9%, both of the indirect 
and direct bandgaps decrease and finally a crossover of indirect-to-direct will happen near 9% of 
Sn content, for a Ge1-x-ySixSny sample containing 4% of Si. Thus, direct bandgap Ge1-x-ySixSny 
ternaries could be realized by incorporating high Sn contents and low Si. 
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Figure 25: (a) Room temperature PL for some representative Ge1-x-ySixSny/Ge/Si samples with y > x [99]. 
The inset explains indirect and direct bandgap peaks for Ge0.911Si0.038Sn0.051 grown on Ge-buffered Si. 
Reprinted with permission from Appl. Phys. Lett. 103 (2013) 202104; (b) Direct and indirect bandgaps of 
Ge0.96-ySi0.04Sny as a function of Sn concentration y [15]. The bandgap energies are extracted from PL fits. 
Reprinted with permission from Chem. Mater. 26 (2014) 2522–2531. 
 
Based on experimental values, indirect bandgap is fit with a bilinear expression, as shown 
below:  
Eind = (0.668 ± 0.008) + (0.67 ± 0.15)x - (1.77 ± 0.16)y.                         (1.4)  
Direct bandgap values are fit with a bilinear expression:  
E0 = (0.795 ± 0.013) + (2.21 ± 0.12)x - (3.79 ± 0.16)y                          (1.5).  
And the direct-indirect gap boundary line is determined to be: 
 y = (0.062 ± 0.014) + (0.76 ± 0.23)x                                           (1.6) 
based on these fits. When Si concentration (x value) is 0, the Sn concentration for crossover of 
indirect and direct is consistent with that for Ge1-xSnx alloys. Figure 26 below shows the 
compositional dependence of direct bandgaps E0 in Ge1-x-ySixSny alloys. When Si/Sn ratio is kept 
at ~3.7, Ge1-x-ySixSny alloys are lattice matched to Ge, with direct bandgaps ranging from 0.8 eV 
to 1.2 eV. When Sn content is higher than Si, both direct and indirect bandgaps for Ge1-x-ySixSny 
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alloys are lower than that of pure Ge. An indirect-to-direct transition happens in Ge1-x-ySixSny 
alloys with high Sn concentrations and low Si concentrations. 
 
Figure 26: Direct bandgaps E0 versus Sn and Si concentration in Ge1-x-ySixSny ternary alloys [99]. Yellow 
spheres indicated the experiments values in [99] while grey spheres represent the experimental values from 
[102]. The red-white-blue plane corresponds to the fit from Eq 1.5 with blue (red) indicating higher (lower) 
direct bandgaps than Ge. Green plane is the indirect bandgap fit from Eq 1.4 and experimental values. 
Reprinted with permission from Appl. Phys. Lett. 103 (2013) 202104. 
 
 
5. Conclusion 
This chapter summarizes the development of Si-Ge-Sn materials growth for applications in 
opto-electronics. Structural, optical properties and growth techniques were discussed for Ge1-xSnx 
growths through MBE and CVD. While Ge1-xSnx samples grown by MBE have low thermal 
stability, the innovation of CVD method for growing Ge1-xSnx binaries with great crystallinity, a 
wide range of Sn compositions and higher thermal stability up to 850 °C broadens the future of 
achieving Sn-based group IV alloys. The employment of various Ge and Sn gas precursors in 
CVD growth has been compared in this article. Ge1-x-ySixSny ternary system is also of great 
importance due to its wider range of tunable bandgaps and lattice parameters than Ge1-xSnx 
binary alloys by carefully adjusting Si and Sn concentrations. The synthesis of Ge1-x-ySixSny 
ternary alloys by CVD is discussed here including the band structures and optical properties. 
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CHAPTER II 
SYNTHESIS AND STRUCTURAL PROPERTIES OF Sn-RICH Ge1-X-YSiXSnY TERNARY 
ALLOYS ON Si PLATFORM USING DIRECT INJECTION METHOD 
1. Introduction 
The development of Ge1-x-ySixSny ternary alloys started early in 2003 when Bauer et al [12] 
reported the successful synthesis of Ge1-x-ySixSny ternaries for the first time on Si (100) substrates 
via Ge1-ySny buffer layers using UHV-CVD equipment. This Si CMOS compatible and practical 
ternary system based on group IV elements has been attractive since then because a wide 
bandgap range could be achieved by finely tuning the Si and Sn concentrations. Ge1-x-ySixSny 
ternaries with Si/Sn ratio kept at ~3.7 are lattice matched to Ge and have direct bandgaps 
ranging from 0.8 eV to 1.2 eV for different Si and Sn concentrations, which enables the wide 
application of Ge1-x-ySixSny ternaries in infrared opto-electronics and photovoltaics [13, 98]. When 
the Si concentration is higher than the Sn concentration, Ge1-x-ySixSny ternaries, grown on tensile 
strained Ge(Sn) [94, 96] or serving as a template for the growth of strained Ge [93], are able to 
create quantum well based lasers [95, 96] and heterostructures for tunnel effect transistors [94]. A 
higher Sn concentration than Si in Ge1-x-ySixSny ternaries enables an indirect-to-direct transition 
as in Ge1-ySny binaries [17, 87], while Ge1-x-ySixSny ternaries are more thermally robust compared 
to Ge1-ySny counterparts with the same Sn concentration because of the higher mixing entropy in 
the ternary alloys [15, 17, 87, 97].  
Silicon-germane hydrides such as SiH3GeH3, (GeH3)2SiH2, (GeH3)3SiH have been 
employed as Si and Ge sources since the very beginning of synthesizing Ge1-x-ySixSny ternaries 
by UHV-CVD [12, 16, 88, 89]. However, the fixed Ge/Si ratio in these chemical compounds yields 
high Si contents when enough Ge atoms are desired for the growth of Ge-rich Ge1-x-ySixSny 
ternaries. To pursue Ge1-x-ySixSny alloys with lower Si contents and simplify the adjustment of 
Ge/Si ratios during the growth, gas precursors such as Ge2H6 and Si2H6 have been adopted to 
provide Ge and Si atoms [10, 15, 17, 44, 87, 93-97, 99]. Since Ge3H8 and Ge4H10 provide Ge 
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atoms more effectively than GeH4 or Ge2H6, growth temperature is reduced to 260 °C by 
employing Ge4H10 [10, 97].  
Chapter II introduces the growth of intrinsic and n-type Ge1-x-ySixSny ternary alloys with Sn 
concentrations up to 12% while Si concentrations are kept 1%-2% directly on Si (100) substrates, 
utilizing innovative Ge4H10, Si4H10 and SnD4 as gas precursors in a GSME reactor through a 
direct injection method. The low Si concentration doesn’t affect the optical properties of Ge1-x-
ySixSny ternaries significantly as compared to Ge1-xSnx binaries containing the same Sn contents 
and brings a higher thermal stability to this ternary alloy. In this chapter, the use of Ge4H10 lowers 
the growth temperature to unprecedented 190-215 °C. Secondly, growth of Ge1-x-ySixSny ternaries 
directly on Si substrates bypasses the complicated process of growing a Ge buffer layer, making 
it easier for device fabrications. At the same time, the large lattice mismatch between Si 
substrates and Ge1-x-ySixSny epilayers gives less compressive residual strain compared to 
Ge(Si)Sn samples grown on Ge buffers. Thirdly, direct injection simplifies growth process since 
omitting the step of making reactant mixtures. Finally, n-type Ge1-x-ySixSny doped with phosphorus 
is synthesized for the first time with P(SiH3)3 in a GSME reactor, enabling the fabrication of p-i-n 
homojunctions completely based on Ge1-x-ySixSny. 
In this chapter, growth of both intrinsic and n-type Ge1-x-ySixSny films and structural 
characterizations are described. The effects of RTA on compressive strain and FWHM of XRD 
rocking curves, and the relationship between compressive strain and FWHM, are also discussed 
in this chapter. 
2. Experimental Details 
The synthesis of Ge1-x-ySixSny ternaries was conducted in a GSME reactor [44]. As 
described in Ref.44 and shown in Figure 6(c), the single-wafer GSME reactor is equipped with a 
quartz bell jar pumped down to 10-10 Torr in which a coiled graphite element is used to provide 
heating, and a turbo pump which could pump away the residual gas during the deposition 
process to keep a dynamic growth. A cryo pump removes the native oxides while “flashing” Si 
wafers, keeping the pressure inside the chamber at 10-10 Torr before the growth. Adjustable gas 
inlets are composed of a showerhead which dispenses the gas reactants onto the wafer surface 
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and injection nozzles which are controlled by different leak valves for tuning gas flux. When load 
lock connects the high-vacuum chamber and outside atmosphere environment, a turbo pump 
backed with a roughing pump is used to pump the load lock down to 10-7 Torr before transferring 
the wafer substrate into the deposition chamber. Commercially available Si (100) wafers used in 
this research are cleaned in the clean room wet bench according to Standard RCA clean Recipe, 
which is necessary for Si wafers in semiconductor industry before high-temperature processing. 
Right before the growth, Si (100) wafers are dipped in 5% of HF/Methanol solution for two 
minutes and then pure methanol solution for 5 minutes to remove potential oxide impurities. After 
loading Si substrates into the growth chamber, one-minute high-temperature flashing under 
800 °C are conducted for four times to remove H absorption which is introduced in the HF 
cleaning step. Ge4H10, which is prepared through the thermolysis of commercially available Ge2H6 
and stored in a small trap as a colorless liquid with a vapor pressure of 1.5 Torr at room 
temperature, serves as the Ge precursor during the growth. Commercially available Si4H10, a 
colorless liquid with a vapor pressure of around 20 Torr at room temperature, provides Si atoms 
during the growth. For the growth of P-doped n-type Ge1-x-ySixSny ternaries, P(SiH3)3, which is a 
colorless liquid with a vapor pressure of ~20 Torr, has been employed to provide P and Si atoms, 
instead of Si4H10. SnD4, a colorless gas, is stored in a cylindrical glass container under liquid 
nitrogen to prevent decomposition. 
A one-liter bulb is used to make a mixture of Si4H10 (or P(SiH3)3) and SnD4. For one growth, 
the amount of Si4H10 is usually 1~5 Liter-Torr when SnD4 is usually 15~30 Liter-Torr in this 
research to produce Ge1-x-ySixSny epilayers with specific Si and Sn fractions. The amount of 
P(SiH3)3 used for each growth is between 1~5 Liter-Torr to achieve reliable doping concentrations 
and Si concentrations. Ge4H10, and the mixture bulb of Si4H10 (or P(SiH3)3) and SnD4, are 
connected to the different gas inlets of the GSME reactor to enable the direct injection of these 
chemical precursors. Leak valves controlling different gas inlets are used to adjust the flux of gas 
entering the reactor chamber, achieving independent control of different reactants. Both intrinsic 
Ge1-x-ySixSny ternary alloys and P-doped Ge1-x-ySixSny are produced with this direct injection 
method in the GSME reactor. P-type Si (100) wafers doped with boron serve as the growth 
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platform. Ge4H10 growth pressure is usually kept at 2-3×10-6 Torr while Si4H10 (or P(SiH3)3)/SnD4 
mixture pressure varies from1×10-5 to 3×10-5 Torr based on the desired growth time and material 
compositions. During the growth process, Si4H10 (or P(SiH3)3)/SnD4 mixture leak valve is adjusted 
to keep the total growth pressure inside the chamber constant and the consumption of the 
mixture indicates the end of the reaction. Growth temperature is 190-220 °C in this research for 
obtaining Ge1-x-ySixSny epilayers with Sn concentrations varying between 6% and 12%. The 
reactants ratio, growth pressure, growth time and growth temperatures are optimized to acquire 
Ge1-x-ySixSny samples with viable thickness and desired compositions.  
For all Ge1-x-ySixSny samples grown directly on Si substrates, HR-XRD has been used to 
determine crystal compositions and crystallinity in conjunction with RBS. Ellipsometry 
measurements are conducted to characterize the film thickness and the doping concentration for 
doped samples. AFM is used to analyze the surface morphology of the Ge1-x-ySixSny epilayer 
while XTEM gives the microstructure and helps to evaluate amounts of defects inside epilayers.  
3. Results 
3.1 Intrinsic Ge1-x-ySixSny Samples 
Ge1-x-ySixSny layers with viable thickness and good crystal quality have been produced on Si 
substrates in this research. Table 5 below summarizes the growth conditions and material 
properties of intrinsic Ge1-x-ySixSny. UV-Vis Ellipsometry is used to determine the layer thickness. 
And the growth rate is determined to evaluate different growth parameters. The random spectra 
obtained from RBS measurements gives layer compositions by using XRUMP software fits, in 
which the model fit under the log scale for the random spectra between Si substrate and Ge 
signal peaks gives the concentration of Si components. XRD (224) reciprocal space maps give 
the information about in-plane lattice parameter a and out-of-plane lattice parameter c, strain 
relaxed lattice constant a0 is determined by Eq 2.1 [103]:  
a0 = 
𝑐 + (
2𝐶12
𝐶11
)𝑎
1 + (
2𝐶12
𝐶11
)
 ,                                                             (2.1) 
where C12 and C11 are second-order elastic constants [103]. Compressive residual strain is then 
determined by Eq 2.2 [103]:  
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εǁ = (a-a0)/a0.                                                         (2.2) 
Compressive residual strain values of the as-grown Ge1-x-ySixSny layers are determined from XRD 
(224) reciprocal space maps. FWHM of the XRD (004) rocking curve peak is determined to 
characterize the crystal quality by evaluating the mosaicity of Ge1-x-ySixSny epilayers. As shown in 
Table 5, Ge1-x-ySixSny samples with Sn fractions varying from 6% to 12% while keeping Si content 
at around 1% are grown successfully at ultra-low temperatures from 190 °C to 220 °C. When 
growth temperature drops from 215 °C gradually to 190 °C the growth rate decreases from 3.17 
nm/min to 0.77 nm/min, correspondingly. It could be concluded that Sn incorporation fraction is 
inversely proportional to the growth temperature, while the growth rate is directly proportional to 
the growth temperature. Furthermore, Sn fraction increases from 8.5% to 9.5% when the 
SnD4/Si4H10 ratio increases while growth temperature stays the same. All of these Ge1-x-ySixSny 
samples grown directly on Si are compressively strained as expected but the strain values are 
greatly reduced when compared to Ge1-ySny samples grown on Ge-buffered Si. Ge1-x-ySixSny 
samples with viable thicknesses more than 250 nm could not only serve as buffer layers for the 
growth of other semiconductor materials such as Ge1-ySny binaries of high-Sn contents, but also 
are good enough to be fabricated into devices, enabling applications in opto-electronics. 
Table 5: Growth Parameters and Compositions of Intrinsic Ge1-x-ySixSny Representatives. 
Ge% Sn% Si% Growth 
T (°C) 
Si4H10:SnD4 
in mixture 
Thickness 
(nm) 
Strain Growth 
rate(nm/min) 
92.5 6.5 1 215 1:11 760 -0.38% 3.17 
92 7 1 210 1:10 430 -0.27% 2.39 
91 8 1 205 1:11 540 -0.27% 2.25 
89 9 2 200 1:15 170 -0.40% 1.00 
89.5 9.5 0 200 0:23 185 -0.17% 1.54 
89 10 1 195 1:18 255 -0.50% 1.46 
87.5 11.5 1 190 1:22 150 -0.12% 0.77 
 
Figure 27 below shows the XRD results for a Ge1-x-ySixSny sample with 2% of Si and 9% of 
Sn when Figure 28 shows RBS measurements for the same sample. In the XRD (004) graph 
(main panel in Figure 27), the peak with the maximum intensity at around 64.8 of 2θ angle is the 
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diffraction peak of Ge0.89Si0.02Sn0.09. This sharp and symmetric peak of high intensity indicates 
good quality of the crystal structure. In the XRD (224) RSM (inset in Figure 27), the peak located 
below the relaxation line, representing the Ge1-x-ySixSny sample is partially relaxed with -0.40% of 
residual strain which is determined from Eq 2.1 and Eq 2.2. Based on Vegard’s law which states 
that a linear relationship exists between the crystal lattice constants of an alloy and the 
concentrations of the constituent elements at constant temperature, Si incorporations will cause 
the lattice constant of the alloy to decrease while Sn incorporations affect the lattice constants 
positively. To better determine the thickness and compositions of the epilayer, RBS measurement 
under the energy of 2 MeV was applied to characterize the sample, as shown in Figure 28 below. 
In Figure 28(a), the black trace represents the spectrum obtained at a random position while red 
trace represents the channeled spectrum which is obtained when the incident charged particle 
beam is aligned with the major crystallographic direction causing the great decrease of direct 
collisions [104, 105]. The minimum channeling yield value χmin is determined to be 21.9% based 
on the channeling spectrum and the random spectrum, which signifies a good crystal structure of 
the Ge1-x-ySixSny sample with few disorders. By using XRUMP software, model fits indicate that 
the Ge1-x-ySixSny epilayer is 170 nm with a composition of 9% Sn and 2% Si. Figure 28(b) shows 
the simulation (red trace) under log scale of the random spectra (black trace) for determining the 
Si concentration in GeSiSn epilayers. 
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Figure 27: The XRD (004) θ/2θ scan (main panel) and the (224) RSM scan (inset) for a Ge0.89Si0.02Sn0.09 
sample grown at 200 °C with a thickness of 170 nm.  
 
 
Figure 28: (a) RBS random and channeling spectra of Ge0.89Si0.02Sn0.09/Si sample grown at 200 °C with a 
thickness of 170 nm; (b) The simulation under the log scale of the random spectra for the same sample as in 
Figure 28(a). Reprinted with permission from Ref.106. 
 
Figure 29 below shows the XTEM images under different scales for a 200 nm thick 
Ge0.89Si0.01Sn0.10 sample after the RTA processing at 475 °C for two seconds. The interface 
between the Ge1-x-ySixSny epilayer and the Si (100) substrate is well-defined, indicating the 
successful epitaxy of the Ge1-x-ySixSny material on Si substrates. Dislocations are visible along the 
interface, as shown in the bottom panel of Figure 29. The high dislocation density at the interface 
is majorly due to the large lattice mismatch between Si substrates and Sn-rich Ge1-x-ySixSny 
epilayers. Threading dislocations are visible in the low magnification TEM image in the top panel, 
but the density becomes lower as the film grows thicker. Based on the microstructure revealed by 
  52 
TEM images, this sample could serve as a buffer layer for the growth of Ge1-x-ySixSny ternary 
alloys containing higher Sn contents. The AFM characterization indicates that most Ge1-x-ySixSny 
samples exhibit a flat surface with roughness values ranging between 2 nm and 3 nm, which 
corroborates the flat surface of this category of samples observed by XTEM. Figure 30 below 
shows the AFM image for a 760 nm thick Ge0.925Si0.01Sn0.065 sample for which Si and Sn 
components are also determined from RBS spectra as discussed above. The surface roughness 
is determined to be 2.3 nm based on AFM measurements. The typical crosshatch patterns which 
is observed in Ge1-ySny samples grown on Ge-buffered Si substrates are not observed here in 
Ge1-x-ySixSny ternaries because of the greater lattice mismatch between Ge1-x-ySixSny epilayers 
and Si substrates. 
 
Figure 29: Different scales of XTEM micrographs for sample Ge0.89Si0.01Sn0.10 after the RTA processing at 
475 °C for two seconds. Top panel shows the structure details under the scale of 50 nm. Reprinted with 
permission from Ref.107. 
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Figure 30: A 5x5 µm AFM image of a 760 nm thick Ge1-x-ySixSny sample containing 6.5% Sn, 1% Si shows a 
flat surface with a roughness of 2.3 nm. Reprinted with permission from Ref.108. 
 
3.2 N-type Ge1-x-ySixSny Samples Doped with Phosphorus 
The adoption of P(SiH3)3 gives rise to the successful production of n-type Ge1-x-ySixSny 
samples doped with P on Si in the GSME reactor for the first time, which is of great importance 
because n-type layers could serve as contact layers in device fabrications, making the 
development of p-n or p-i-n devices based on Ge1-x-ySixSny possible. Table 6 below shows the 
properties of representative n-type Ge1-x-ySixSny epilayers grown directly on p-type Si substrates 
at growth temperatures around 200 °C. Sn contents of the n-Ge1-x-ySixSny samples are 7%-10% 
and the doping concentrations range from 2×1019 to 4×1019 /cm3. Samples n-Ge0.903Si0.01Sn0.087 
and n-Ge0.882Si0.02Sn0.098 are grown on 6° miscut p-type Si (100) wafers, and the crystal quality is 
comparable to those grown on on-axis Si (100) substrates. Compressive strain of the Ge1-x-
ySixSny epilayer is between 0.28% and 0.49%. 
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Table 6: Growth Parameters and Compositions of n-type Ge1-x-ySixSny Representatives. 
Ge% Sn% Si% Growth 
 T (°C) 
Doping 
concentration 
(/cm3) 
Thickness (nm) Strain 
91.4 7.6 1 210 2 ×1019 195 -0.49% 
89.2 9.8 1 195 3 ×1019 255 -0.36% 
90.3 8.7 1 202 4.1×1019 320 -0.29% 
88.2 9.8 2 200 2.3 ×1019 200 -0.28% 
 
HRXRD and RBS techniques have been combined to determine the film thickness and 
sample compositions. Figure 31 below shows XRD (004) θ-2θ (main panel) and (224) (inset) 
scans of a 255 nm thick Ge1-x-ySixSny sample containing 9.8% Sn and 1% Si, with a doping level 
at 2×1019 /cm3. The (004) scan shows a symmetric and intense peak corresponding to diffraction 
of the n-Ge1-x-ySixSny layer, indicating high crystal quality. The residual compressive strain is 
determined to be -0.36% based on the (224) reciprocal space map and Eq 2.1 plus Eq 2.2. The 
black relaxation line indicates that the n-Ge1-x-ySixSny epilayer is partially relaxed. RBS 
measurement has been carried out to determine Si and Sn compositions in Ge1-x-ySixSny 
epilayers and the representative result is shown in Figure 32. Figure 32(a) shows the random 
spectrum (black trace) and the channeling spectrum (red trace) obtained at the incident particle 
energy of 2 MeV. The channeled spectrum, which is considerably lower than the random 
spectrum (black trace) indicating the good crystal quality of the n-Ge1-x-ySixSny epilayer. Figure 
32(b) shows the model fit under log scale of the random spectrum for determining the Si 
concentration. The random spectra between the energy of 1.0 MeV and 1.4 MeV under the log 
scale helps illustrate Si components. Linear model fits using XRUMP in conjunction with log 
model fits indicate that the n-Ge1-x-ySixSny sample with a thickness of 200 nm contains 9.8% of Sn 
and 2% of Si. 
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Figure 31: The XRD (004) θ-2θ scan (main panel) and the (224) RSM scan (inset) of a n-Ge1-x-ySixSny 
sample with a thickness of 255 nm grown on p-type Si (100) wafers. 
 
 
Figure 32: (a) RBS spectra for n-Ge0.882Si0.02Sn0.098 doped with P when the black trace represents 
experiment data obtained at a random position of the sample and red trace shows the channeling curve. (b) 
The model fit under log scale of the random spectra for the same sample as in Figure 32(a). Reprinted with 
permission from Ref.106. 
 
Figure 33 below shows a XTEM image (Figure 33(a)) and an AFM image (Figure 33(b)) for 
a 195 nm thick n-Ge0.914Si0.01Sn0.076 with a doping concentration of 2x1019 /cm3. In Figure 33(a), 
the microstructure revealed by XTEM suggests that threading dislocations exist throughout the n-
Ge1-x-ySixSny epilayer, but the density drops as it approaches the top surface. The AFM image in 
Figure 33(b) reveals a surface roughness of 1.7 nm, which is slightly lower than all of the intrinsic 
Ge1-x-ySixSny samples reported previously, indicating a smooth surface devoid of significant 
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surface features. In conclusion, it is confirmed that the introduction of P dopants does not affect 
the crystal quality or surface features of Ge1-x-ySixSny materials. 
 
Figure 33: (a) The XTEM image of n-Ge0.914Si0.01Sn0.076 with a thickness of 195 nm. Reprinted with 
permission from Ref.107 (b) A 5x5 μm of AFM peak force error image for the same sample n-
Ge0.914Si0.01Sn0.076 as in (a). Reprinted with permission from Ref.109.  
 
 
3.3 Post-growth Processing of Ge1-x-ySixSny Materials 
FWHM values of the epilayers, which reflect the crystal mosaicity, could be determined 
through XRD. For a good Ge epitaxy layer on a Si (100) substrate, the typical FWHM is less than 
0.1°, as reported in [110]. However, all of the as-grown Ge1-x-ySixSny samples reported here have 
FWHM values greater than 0.6°, indicating the existence of defects in the crystal lattices as 
corroborated by XTEM images. RTA treatments have been conducted to improve the crystal 
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quality as evidenced by the reduction of FWHM values and further relaxation of the epitaxy layers 
after RTA treatments. Different RTA recipes have been carried out to find out the best thermal 
processing temperature and time.  
A 760 nm thick Ge0.925Si0.01Sn0.065 sample is annealed under 550 °C for two seconds. Three 
cycles have been conducted in other situations. Figure 34 below shows the XRD (004) θ-2θ 
change (top left panel), the (004) rocking curve change (top right panel) and (224) RSM change 
(bottom panel) before and after RTA treatments. As could be seen from Figure 34, slight shifts of 
the Ge1-x-ySixSny peak position are observed after thermal annealing in (004) θ-2θ scans when 
significant FWHM improvements in (004) rocking curve scans could be observed. Blue, red and 
green traces represent the rocking curve scan for the as-grown sample, the sample after RTA 
under 550 °C for two seconds, and the sample after RTA under 550 °C for three cycles, 
respectively. The FWHM values drop from 0.78° to 0.49°, and finally down to 0.43° after RTA, 
which indicates significant crystal quality improvements after the thermal processing. Based on 
the (224) RSM scan, the compressive residual strain values decrease from 0.38% to 0.28% and 
0.23%, indicating that the thermal annealing is an effective method in relaxing such material. The 
change in the elongation and orientation of the (224) Ge1-x-ySixSny peaks shows the mosaicity of 
the epilayer is reduced after RTA treatments, resulting in improved crystallinity. 
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Figure 34: (a)The XRD (004) θ-2θ scan;(b) The XRD (004) rocking curve scan; (c) The XRD (224) RSM 
scan of the Ge1-x-ySixSny peak before and after RTA treatments under 550 °C for a Ge0.925Si0.01Sn0.065 
sample with a thickness of 760 nm. Reprinted with permission from Ref.111. 
 
Some representative Ge1-x-ySixSny samples have been thermally treated under different 
temperatures. The changes of FWHM values and compressive residual strain values have been 
determined as discussed above and compared. Figure 35 below shows the trend of FWHM 
change (left panel) and compressive strain value change (right panel) after RTA treatments for 
Ge1-x-ySixSny samples containing 6%-11% Sn. For each Ge1-x-ySixSny sample grown directly on Si 
(100), FWHM and compressive strain values tend to decrease after thermal treatments, which 
confirms that RTA treatments could be applied to improve the crystal quality and promote the 
strain relaxation of Ge1-x-ySixSny epilayers. To keep the integrity of the samples and avoid 
decomposition of Ge1-x-ySixSny, the maximum annealing temperature drops as the Sn 
concentration increases, as could be seen in Figure 35. As a result, the effect of thermal 
annealing becomes less significant for Ge1-x-ySixSny samples containing higher Sn contents. AFM 
images indicate that RTA doesn’t affect surface morphology of Ge1-x-ySixSny samples. 
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Figure 35: The FWHM values change (left panel) and compressive strain values change (right panel) before 
and after RTA for Ge1-x-ySixSny samples containing 6%-11% of Sn grown on Si substrates. Reprinted with 
permission from Ref.111.  
 
3.4 Study of the Relationship between FWHM Values and Compressive Strain Values for Ge1-x-
ySixSny  
Figure 36 below plots the compressive residual strain values and FWHM values of XRD 
rocking curve peaks for some representative Ge1-x-ySixSny samples containing different Sn 
contents. It is very interesting to find that FWHM and compressive strain values have an inverse 
relationship with each other which is mainly caused by the existence of threading dislocations. 
More defects help to relax Ge1-x-ySixSny epilayers, leading to smaller compressive residual strain, 
however, FWHM is larger because of numerous defects inside the lattices deteriorating the 
crystallinity of the Ge1-x-ySixSny samples. 
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Figure 36: Compressive strain and FWHM versus Sn content. Left axis in blue represents compressive 
strain values while right axis in red indicates FWHM of XRD rocking curve peaks. Reprinted with permission 
from Ref.111. 
 
4. Conclusion 
In summary, this chapter presented the synthesis of Ge1-x-ySixSny ternary alloys grown 
directly on Si substrates in a GSME reactor. Sn concentration ranges between 5% and 12% when 
Si incorporation is kept at 1%-2% to increase the thermal stability of Ge1-x-ySixSny ternaries. RTA 
promotes the strain relaxation of Ge1-x-ySixSny epilayers and improves crystal mosaicity as well.  
Higher percentages of Sn in Ge1-x-ySixSny ternaries could withstand lower RTA temperatures, 
indicating decreasing thermal stability as Sn content increases. It is interesting to find that 
compressive strain has an inverse relationship with FWHM of XRD rocking curve peaks, which is 
mainly caused by the existence of defects. The successful synthesis of n-type Ge1-x-ySixSny alloys 
with doping concentrations of 2-4×1019 /cm3 through the use of P(SiH3)3 enables the fabrication of 
p-i-n homojunction stacks based on Ge1-x-ySixSny, paving the way for Ge1-x-ySixSny ternaries 
applied in diodes. 
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